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The objective of the work performed during this
program was to generate straight-channel diffuser
data to provide the design engineer with the
information required to design centrifugal compressor
diffusers,

This report was prepared by Creare, incorporated,
under the terms of Contract DAAJ02-67-C-0106,

It describes the diffuser test rig constructed as

a vehicle to provide diffuser data, the experimental
procedure used, and the results of the testing
performed, The data are analyzed and presented

in forms zonvenient to the designer; in addition,

a general approach to the design of a centrifugal
compressor diffuser has Eeen devised.

The investigation shows that knowledge in this area
is still incomplete in certain respects. The results
do provide valuable and useful information to the
diffuser designer.

This report has been reviewed by technical personnel
of this Command. The cornclusions contained herein
are concurred in by this Command and will be
conside. »d in any future centrifugal compressor
programs.
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ABSTRACT

Measurements have been made of the pres ure recovery of
straight-channcl, symmetric, single-plane divergence diffusers

with inlet Mach numbers between 0.2 and choking (0.2 < M, <
1.0).

Three aspect ratios, AS = 0.25, 1.0, and 5.0, have been studied
for a range of length-to-throat width ratios L/W1 and diver-

gence angles 28 of diffuser geometries near peak recovery.

Diffuser performance maps are given that show pressure
recovery Cp as a function of diffuser geometry for fixed values

of throat Mach number Mt' throat blockage B, and aspect ratio

to the designer is the alteration in the shape of the pressure

recovery contours on the performance maps with variations in
M., B, and AS.

Four subprograms have measured the effect of changes in
diffuser inlet Reynolds number, nearness of the inlet boundary
layer to separation, asymmetric distribution of inlet blockage
around the throat periphery, and the influence of rounded
throat corners on the pressure recovery behavior of the
straignht-channel diffuser. These subprograms have underscored
the necessity of understanding cumulative effects of a number
of secondary parameters on pressure recovery.

The importance to the designer of a knowledge of how diffuser
performance depends upon the diffuser geometric and inlet
parameters is discussed. The application of charnel diffuser
performance data to the design of centrifugal compressor
diffusers is described.

The channel diffuser performance measured in the present study

is compared with recovery performance of the channel diffusers
in centrifugal compressors.

AS for the range of variables tested. Of significant importance

) mm ———s v
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1.0 INTRODUCTION

The diffusing passage is a key element of many fluid machines
and fluid dynamic systems. The abkility to recover pressure
and/or the ability to esvablish a stable flow or a flow of low
distortion is critical to the behavior of many devices and
systems which incorporate a fluid dynamic diffuser. The
optimum performance and the proper design of diffusing passages
for many Gevices, e.g., in turbomachines, aircraft inlets,
carburetors, flowmeters, noise suppressors, etc., depend upon
an understanding of the important flow parameters governing the
performance of the fluid dynamic diffuser.

The diffuser is of particular importancz to the performance of
the centrifuga! compressor. The centrifugal compressor achieves
its etfect by accelerating the fluid, in order to add energy,
and then diffusing this fluid to convert the kinetic energy
into an increase in static pressure. The purpcse of the
diffuser of a centrifugal compressor is to convert the flow
kinetic energy leaving the impeller into a maximum rise in
static pressure. In a single~stage machine, the residual
kinetic energy after the diffuser is usually dumped into a
collector. It is thus the static pressure recovery in the
difruser that is of significance to the compressor performance.

The effectiveness with which the diffusion can be accomplished
plays a large part in determining the efficiency of the
ccmpressor. In present state-of-the-art centrifugal
compressors, the diffuser is often responsible for more than
half of the fluid dynamic losses. The pressure recovery and/
or the stability of the diffuser flow is also believed to be
instrumental in establishing the range and surge behavior of
the compressor. The design of optiwum diffuser systems will
be essential to the further development of advanced technology
centrifugal compressors of high »ressure ratio, long range,
and good efficiency.

1.1 BACKGROUND

The centrifugal compressor diffuser may be either a vaneless
or a vaned diffuser or a combination of the two.

Vaneless Diffusers

When vaneless diffusers are used, they are selected primarily
because of the large range they provide (on the ordexr of
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the vaneless diffusex

40 to 60% of the design flow). However,
Cases

has considerably poorer efficiency than the vane type.
have been frequently encountered in high pressure ratio
centri “ugal compressors where the boundary layer in the vane-
legs diffuser stalls (by the limiting wall streamlines
turning completely to the tangential direction). A backflow
of boundary layer fluid then usually occurs, this fluid
sometimes even flowing back into the impeller. This has
severe consedquences for overall compressor performance
because the impeller must reenergize this fluid before it

is ejected again into the diffuser.

- N o
st et

From empirical evidence, it appears clear that except for
the possibility of the use of a rotating-wall, vaneless
diffuser (where either the shrouds of the impeller are

} extended or the vaneless diffuser walls are rotated

5‘; independently), the losses cccurred in high pressure ratios
i purely vaneless diffusers cause too severe a penalty on
centrifugal compressor performance to make them attractive

in comparison with the vaned diffuser.

ol el el g i "

Vaned Diffusers

The use of a vaned diffuser for the centrifugal compressor
offers the opportunity to obtain a high pressure recovery,
although this is usually gained at the expense of range.

Vaned diffusers may be categorized by two types of blading:
the vane-island or wedge diffuser and the cascade diffuser.

l. Vane-Island or Wedge Diffuser

. The vane-island or wedge diffuser may be regarded as

. a cascade of blades with blunt trailing edges. When
considered as a "cascade” of blades, the blades may
be said to have a very low aspect ratio. A
diagramatic sketch of the vane-island diffuser is
shown in Figure 1. Depending upon the shape of the
"vane" and the ccntrol of the depth between the
sidewalls, the flow passage between the vane suction
and pressure surfaces describes a diffusing passage of
a particular geometric' cdnfiguration. A common design

used in practice is to keep the depth between the
sidewalls constant and to diverge the pressure and suction

In this case, the resulting flow passage

sur faces.
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forms a channel diverging in a single plane and having
straight walls. However, other configurations have been
used in practice. In some cases, the sidewalls have
also been diverged forming a doukle-divergence, straight-
wall diffuser. Often the divergence is made symmetric;
in other cases, an asymmetric divergence has been used.
Kenny (1968) has reported a novel vane-island diffuser
which lends itse¢lf *o easy manufacture. In this case,
the dif:rusing channel forms a conical instead of a
rectangular diffuser.

In the vane-island diffuser, mixing losses occasioned
by the blunt trailing edg s are of no real importance
since the discharge kinetic energy is not conserved.
The designer is given some geometric freedom in
designing the diffuser when he does not have to close
the trailing edge of the blade, as is the case of the
cascade geometry. Also, the channel diffuser
divergence angle is not tied to the vane number as it
is with the cascade design.

2. Cascade Diffusers

The cascade diffuser is made with multiple rows of thin
blades. The length-over-width ratios of the passages
between the blades ae commonly between 1 and 3.

The flow between the blades has often been treated by
methods typical of those used for axial compressors.
Heowever, the low aspect ratio of the blading used in
centrifugal cascade diffusers, and which is not found
in axial machines, cautions against the indiscriminate
use of common axial design practice.

In some cases, multiple rows of cascade blading have
been used:; in other cases, single rows of larger chord
blades have been used. For the thin blades in

common use in cascade designs, the divergence angle
between the blading is intimately linked to the number
of blades used in the cascade.

Vaned diffusers generally employ a vaneless space preceding
the vane-island or cascade set of vanes. The vaneless sgpace
commonly employs a radius ratio, between the tip of the

P
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impeller and the leading edge of the diffuser vanes, between
1.03 and 1.3.

Centrifuqgal Compressor Diffuser Optimization

The centrifugal compressor vaned diffuser exte.:ds from the
impeller exit through (1) the vaneless space, (2) the semi-
vaneless space, and (3) the channel diffuser to the collector.

In high-pressure-ratio, high-performance compressors, the
conventional idea has been to bring the vane leading edge
Mach number below some subsonic Mach number limit using the
vaneless diffuser. This has been to avoid severe shock
effects around the vane leading edges. Recent studies,
Welliver and Acurio (1967), have demonstrated that immediately
ahead of the vane diffuser leading edge, the flow rapidly
adjusts itself to produce a rather uniform flow entering the
channel diffuser. Even though these studies were limited to
the vane-island geometry, the results indicate that the same
type of behavior probably also occurs ahead of the vane
leading edge in the cascade diffuser.

The work of Welliver and Acurio (1967) also demonstrated that
laboratory tests on channel diffuser geometries having the
same configuration as those used in the centrifugal vane-
island diffuser produced the same channel diffuser pressure
recovery as that obtained in the actual compressor. It was
necessary, however, to maintain the same inlet conditions for
the laboratory diffusers as those occurring in the compressor
channel diffuser inlets.

If the overall diffuser flow from the impeller exit to the
coillector -- the flow through the vaneless and semivaneless
spaces plus the flow through the channel diffuser -- is
considered as a series combination of flow elements, the
designer is in a position to determine optimum diffuser
performance. If the flow can be properly modeled in the
vaneless and semivaneless spaces and sufficient data on
channel diffuser performance are available, this can be
combined with knowledge of impeller performance to optimize
the oerall centrifugal diffuser and hence compressor

per formance.




A critical element in this design procedure is knowledge of
channel diffuser behavior. Despite the fact that the diffuser
is a very simple flow element, its pressure recovery and
stability characteristics are not sufficiently understood for
the prediction of high-perfoxrmance, high~pressure-ratio
centrifugal compressor diffuser design. The designexr is
plagued by his inability to predict adequately the performance
characteristics of channel diffusers of varying geomeiries
operating over a wide range of inlet flow conditions.

There are basic fundamental reasons for this deficiency
related to the details of the internal diffuser flow.
Practical diffusing passages are often of small aspect ratio,
are three-dimensional in shape, contain boundary layer fluid
over a significant portion of the cross-section area, and
often operate under inlet flow conditions having large
distortions in velocity profile and/or high turbulence levels.
Today the designer cannot analyze even the simplest two-
dimensional diffuser near peak performance; the reason for
this is that the geometry and the viscous behavior of the
fluid lead to corner effects, separation, backflow, and
unsteady flow behavior which cannot be adequately handled
with our present analytical understanding.

Although efforts will continue to advance our analytic ability
to predict the behavior of diffusing passages operating under
arbitrary conditions, the complexity of the fluid dynamics
does not hold promise for a marked improvement in predicting
diffuser performance. In the absence of an ability to analyze
the flow in arbitrary passages, the designer must of necessity
revert to a semiempirical understanding of the flow element.
In order to make an optimum design, the designer needs data
showing channel diffuser performance as a function of the
important design variables. Some of these variables, such as
those defining the diffuser geometry, are under the designer's
direct control: cther variables are set by the upstream and
downstream flow elements.

To properly optimize the design of a channel diffuser for
the centrifugal compressor, the designer must have a
knowledge of the effect of these parameters on the pressure
recovery performance of the channel diffuser so that he may
couple the channel diffuser performance to the fluid dynamic
flow in the vaneless and semivaneless passages.

[




The designer needs maps similar to those of Reneau et al
(1964), examples of which are shown in Figure 2, which have
been obtained for the low subsonic Mach number (incompressible
flow), straight-channel, single-plane divergence diffuser.
When such maps include all of the important design variahles,
they indicate to the designer the strategy for achieving best
diffuser performance in terms of pressure recovery.

Maps are also available for the low-Mach-number diffuser that
show the unsteady behavior of the diffuser flow as a function
of the geometric and inlet flow variables. In most cases,

the diffuser flow has only been qualitatively characterized

by its unsteady characteristics in terms of flow regimes. An
example of a flow regime performance map for the incororessible
flow, straight-channel, single-plane divergence diffuser is
shown in Figure 3 from the data of Fox and Kline (1962).

Such maps have not existed for the transonic (kigh subsonic)
Mach number diffuser. Van DeWoestine and Fox (1966) have
studied the pressure recovery performance and flow regime
behavior of conical diffusers at high subsonic inlet Mach
numbers at low inlet boundary layer blockage. However,
performance data at high subsonic irlet Mach numbers for
straight-channel, two-dimensional, single divergence channel
diffusers have not been available.

An empirical program to describe channel diffuser recovery
performance as a function of the many inlet and geometric
parameters is a large undertaking. Fortunately, data on the
pressure recovery performance of straight wall diffuserxs
under incompressible inlet flow conditions have pointed to the
importance of flow inlet blockage B as the dominant inlet flow
parameter. This information has been most clearly presented
by Scvran and Klomp (1965). They showed that in many cases
the complex inlet situation could be largely correlated on the
basis of the simple blockage parameter B. The data obtained
by Welliver and Acurio (1967) appear to confirm that flow
blockage B is also the dominant parameter at high inlet Mach
numbers.

1.2 PROJECT OBJECTIVES

To supply performance data needed by the designer, an experi-
mental program has been completed to measure channel diffuser

[V
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recovery of the commonly used straight-channel, single-plane,
symmetric divergence diffuser,

The geometries and inlet flow conditions studied are those
found in centrifugal compressor diffuser practice. The
studies were designed to include those geometries for which
maximum diffuser performance is obtained. Performance maps
have been prepared for those geometries of use to the designer.
These performance maps have as input flow parameters the inlet
blockage B and the inlet Mach number M, .

These studies have also briefly surveyed the effect of some
inlet flow conditions believed to exist in many centrifugal
compressor diffuser designs but which have not been specifi-
cally included in the broader survey from which the performance
maps have been obtained. The additional studies include a
survey of the influence of inlet Reynolds number Rp, the effect
of an asymuaetric distribution of throat blockage B around the
inlet throat periphery, the effect of shock boundary layer
interaction immediately upstream of the diffuser throat on
overall diffuser performance, and a survey of pressure recovery
performance over a small range of diffuser geometries having
rounded instead of sharp corners at the throat of the diffuser
passage.

Table I precents the variation in geometric and inlet
parameters studied in this program.

A fina. objective of this program has been to present the
diffuser performance in a form useful to the designer and to
describe how channel diffuser performance data can be applied
to the optimization of centrifugal compressor performance.

1.3 SUMMARY

Past experimental work on centrifugal compressor diffusers has
demonstrated the practicality of treating the diffuser as a
series of component flow elements. Flow in each of these
elements can be described independently, and the total fluid
dynamic behavior of the overall diffuser can he described in
terms of matching the inlet and exit conditions of each of the
elements.

A key element is the pressure recovery performance of the
channel diffuser passage formed by the vanes of a vaned
diffuser. The pressure recovery of the channel diffuser will

14
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- Continued

TABLE I

Inlet

gence
Angle

Stagnation Width

Throat
Blockage

lAspect
Ratio

Length

Ratio

Pressure

Mach Number

(in.)

L/W 20

(psi)

B

AS

Prmr s

1.2 1.35
1.2 1.35
i.2 1.35

1.2 1

.6 .8 1.0

.4

.2

-35

1.2 1.35
1.2 1.35
1.2 1.35
1.2 1.35
1.2 1.35
1.2 1.34
1.2 1.35

.8 1.0
.8 1.0
.8 1.0
.8 1.0
.8 1.0
.8 1.0

.6
.6
.6
.6
.6
.6

.4

.2

4
-4
.4
-4
.4

2
.2
.2
.2
.2

.8 1.0

.4 .6

.2

.8 1.0 1.2 1.35
.8 1.0 1.2 1.35
.8 1.0 1.2 1.35
.8 1.0 1.2 1.35
.8 1.0 1.2 1.35
.8 1.0 1.2 1.35
.8 1.0 1.2 1.35
.8 1.0 1.2 1.3%

.6
.6
.6
.6
.6
.6
.6
.6
.6
.6

-4
-4
-4
.4
-4
-4
.4
.4
-4
-4

.2
.2
.2

2
.2
.2
.2

2
.2
.2

.8 1.0 1.2 1.35
.8 1.0 1.2 1.3%
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10
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be a function of the geometric parameters and the fluid dynaric
inlet conditions.

The designer needs information from which to optimize the
channel diffuser in terms of these geometric and flow inlet
conditions. The straight-channel, two-dimensional, single-
plane-divergence diffuser has been selected as a common
diffuser geometry employed in ‘raned diffusers (either vane-
island or cascade-type diffusers). An experimental program
to determine the ger.eral performance behavior in terms of
pressure recovery for this diffuser has been undertaken,
covering the range or geometric end inlet variables found in
current Jdiff 'ser practice. A primary cbjective has been to
relate this performance information to the needs of the
designer.
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2.0 DIFFUSER CHARACTERISTICS

Diffuser characteristics fall into two categories: (1) the
diffuser static pressure recovery and (2) the stability and/
or unsteady flow behavior in the diffuser.

The experimental studies reported here have measured only the
static pressure recovery.

2.1 DIFFUSER PREGSURE RECOVERY

Diffuser static pressure recovery C, is the ratio of the
pressure rige between the inlet and the exit of the diffusing
passage to the ideal pressure rise that would be obtained in
a one-dimensional, isentropic flow through a diffuser of
infinite area ratio. The ideal one-dimensional flow has the
same throat centerline conditions as the actual inlet flow.

Pressure recovery is defined as

PPy

or

If the fluid is a perfect gas, the pressure recovery
coefficient can be written

pe/po - F (Mt)

t )
c = (2)
p 1 - F(Mt)
-k
(k-1)
k-1 _ 2
F(Mt) = (1 + = Mt ) (4)
2o

e . A gl "

Ay




o

Pe = exit static pressure )
P, = throat centerline static pressure - S

P, = throat centerline stagnation pressure .
t

k = ratio of specific heats
= throat Mach number based on centerline velocity at
the cross section of minimum pressure

=
‘-r
!

For the ideal pressure rise, i.e. for the one-dimensional
isentropic flow, the amount of diffusion between the inlet and
exit is dependent only upon the area change and the value of
the inlet Mach number. Since the area ratio is independent of
the geometry of the diffuser (independent of whether the
diffuser is a straight-channel, single-divergence, double-
divergence, or conical or annular diffu.er, etc.), the ideal
one-dimensional pressure rise is the maximum possible recovery
that can be obtained for all diffuser shapes having the ideal
one-dimensional flow. This ideal pressure recovery as a
function of Mach number and arza ratio is shown in Figure 4.

A diffuser does not actually achieve this optimum, one-
dimensional isentropic recovery. Distorted inlet flow and real
fluid effects lead to shear forces in the flow, causing boundary
layer growth on the diffuser walls and leading to consequent large
changes in flow regime behavior. Losses result from viscous
shearing and mixing. Whereas the ideal pressure recovery is a
function only of inlet Mach number and area ratio as shown in
Figure 4, the actual pressure recovery depends upon additional
geometric and inlet parameters that determine the importance

of viscous effects and consequent shearing and mixing losses
within the diffuser.

2.2 DIFFUSER EFFECTIVENESS

Diffuser pressure recovery is soma2times compared with the ideal
pressure reccvery coefficient that would be obtained with a
one-dimensional, isentropic flow through the same diffuser.

The effectiveness is defined as

0
A

. (5)

S e AR




R e I

EAd L]

r 4 a
— o
mn
3
173}
5
®
. — (1]
c >
>~
e
)
>
o .
O
Kol
— . Rm
© 0 3
N OZ
=
0 <
+ m O
. = U T
Mo @®
L < &7 ~
l,- la
= @ 0
o 5
o o
H B
~ <
© 3
< 3
] f
g
< | -
o 0 <
— o o




e i M s =

L =S

where

Cp = actual diffuser pressure recovery

Cp = ideal pressure recovery
i

The effectiveness is thus the ratio of the actual pressure

recovery for a given diffuser at a given throat inlet Mach

number M. to the ideal pressure recovery for the same area

ratio diffuser and inlet Mach number (Cp is given in Figure 4).
i

The effectiveness is a measure of the efficiency of a diffuser

in attaining the ideal pressure rise,

2.3 DIFFUSER GEOMETRIC PARAMETERS

Figure 5 defines the diffuser geometry for the straight-channel,
single-plane, symmetric divergence diffuser. For this geometry,
the geometric variables which define the diffuser shape are:

L = diffuser length (measured along diffuser centerline)
W = diffuser width (at entrance or discharge)

b = diffuser depth (constant)

20 = divergence angle

Three nondimensional parameters define completely the diffuser
geometry:

L/W1

28 Jdivergence angle
AS = b/wl = throat aspect ratio

length-to-throat width angle

A fourth nondimensional parameter is often used:
AR = area rctio

Only three of these four nondimensional parameters are necessary
to define completely the single-plane divergence, straight-

channel diffuser geometry. The following relation exists
among the area ratico AR, length-to-throat width ratio L/W

and divergence angle ?0: 1

29




et 1l

26
AS
AR

W, 28 We

DIFFUSER LENGTH (MEASURED ALONG DIFFUSER CENTERLINE)
DIFFUSER WIDTH

DIFFUSER DEPTH

DIVERGENCE ANGLE

b/w, = ASPECT RATIO

EXIT AREA /INLET AREA = W2/\ = AREA RATIO

ENTRANCE
DISCHARGE

Figure 5. Single-Plane, Symmetric Divergence,
Straight-Channel Diffuser Geometry.
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AR=1-+2(MWﬂ‘wn(m (6)

For other diffuser charnel geometries, i.e., double divergence,
conical, etc., other geometric parameters are needed to describe
the diffuser shape completely.

¢ 2.4 CHANNEL DIFFUSER INLET PARAMETERS

; : We have already considered throat Mach rnumber M, and the

geometric parameters thet influence the pressure recovery of
. the diffuser. The inlet and geometric parameters controlling
diffuser behawvior can be grouped as follows:

Group 1

(1) M,

(2) AR = area ratio

throat Mach number

These two parameters are sufficient to determine the ideal
pressure recovery and are important parameters for any
diffuser.

Group II

The second group describes the variables defining the
details of the diffuser geometry and diffuser inlet
conditions.

; i (1) AS = b/wl = throat aspect ratio

(2) L/Wl = length-to-throat width ratio or 28 = diffuser

divergence angle
| ) (3) B = throat inlet blockage

(4) RD = inlet flow Reynolds number. Reynolds number is

based on the flow core velocity, the fluid kinematic
viscosity, and the throat hydravlic diameter

(5) distribution of displacement thickness §*, and hence
blockage B, around the throat periphery

(6) 1inlet velocity profile in terms of the nearness of
the bouindary layer to separation

31 .
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(7) inlet potential core flow characteristics (e.g., non-
uniform velocity profile in the potential core flow
entering the diffuser and the turbulence level in the
inlet core flow)

(8) corner geometry at the junction of the diffuser
entrance channel and the diverging diffuser walls

(9) cross-section shape of the entrance and diffuser flow
channels

(10) skewed inlet boundary layer flow
This is not necessarily a complete 1list o.i all possible inlet
flow parameters. However, it includes the most important

inlet flow conditions affecting diffuser performance.

Throat Inlet Mach Number

With an increase in inlet Mach number. the ideal pressure
r~covery increases, as presented in Figure 4. Previous
experimental work available con pressure recovery performance
at high inlet Mach numbers indicated a possibiliiy of =z
sudden and precipitous drop in diffuser pressure recovery
perform: nce as Mach number approached sonic conditions at
the throat. In fact, some practitioners in the centrifugal
compressor diffuser design field have followed a traditional
belief that high inle: Mach numbers should be avoided
because pressure recovery in the diffuser would decrease
rapidly above some "critical" subsonic Mach number (less

than 1.0).

Typical performance variations observed by a number of
workers measuring diffuser recovery are shown in Figure 6,
taken from an extensive survey of high-subsonic-Mach-
number, straight-cnannel diffuser litercture made by
Halleen and Johinston (1966). Halleen and Johnzton
selected 15 papers as the best work then available. On
the basis of these studies, they had to conclude that
high subsonic Mach number diffuser performance fell into
one of three categories; these categories showed
performance typified by the three curves labeled A, B,
and C in Figure 6. The sor* of behavior that would be
observed in practice depended upon where the diffuser
design lay relative to the flow regime's boundaries
obtained fcr incompressible flow diffusers, shown in
Figure 3. In all cases, the diffusers having

32
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Pressure Recovery Versus Inle+ Mach
Number - Characteristic Grouping of
Data at Fixed Geometry (Halleer and
Johnston, 1966).
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best recovery at high subsonic Mach numbers

displayed Group A behavior. However, in all cases a
"oritical” Mach number (less than 1.0) was observed, and
the drop in performance 1t this critical Mach number
was precipitous.

From the literature that was then available, Halleen and
Johnston found that it was possible to correlate the Mach
number at which this drop occurred for the Group A
dicifusers with certain of the diffuser parameters. They
found that throat inlet bouadary layer blockage had the
greatest influence of all, and they were able to derive a very
consistent correlation as shown in Figure 7. The Group A
diffusers were those having geometries closest to the
optimum diffusers on the performance maps. The curve
shows that a throat Mach number over 0.8 cannot be
allowed, for instance, if the boundary layer blockage in
che throat is greater than 3.8%. Note, however, that this
level of blockage and higher is common to diffusers of
centrifugal compressor stages (and indead many other
systems).

If the results found in the literature were correct, it
was difficult to explain how vaned diffusers of high-
pressure-ratio centrifugal compressors could produce any
significant pressure recovery. In contrast to the
predicticns from the diffuser literature of the type just
discussed, goou cen*rifucal compressor diffuser
performance has often been obtained weil above the
correlation curve shown in Figure 7. Thus the channel
part of the diffuser apparently achieves good recovery

in the centrifugal compressor diffuser for inlet Mach
numbers well above the supposed critical 1limit found in
th2 literature.

In spite of the evidence from the marny diffuser

studies in the literature (sce Halleen and Johnston, 1966)
which appeared to correlate well with the critical Mach
number concept as shown in Figure 6, centrifugal diffuser
experience indicated trat, at least in scine instances,

good performance w.th inlet Mach numbers up to choked
conditions was possible.
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Figure 7.

0.02 0.03 0.04
Tnlet Blockage Ratio B

Critical Inlet Mach Number Versus
Blockage Ratio (Halleen and Johnston,
1966).
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The present studies have obtained data for the straight-

channel, single-divergence diffuser which has clarified the
critical Mach number limit discussed above. Diffusers

do achieve good performance up to and beyond choked

conditions at the throat. 1In some cases, fair recovery

is obtained for choked and superchoking conditions. We

shall use "superchoking" to indicate choked flow, My = )
1.0, at the throat with a shock located in the diffusing

passage. The Mach number immediately ahead of the shock

in the diffusing passage will be designated by My. 1Inlet

Mach number behavior will be discussed in detail in .
Section 4.0.

Aspect Ratio

The present program has obtained diffuser pressure
recovery performance for aspect ratio = 0.25, 1.0, and
5.0. These studies will be presented in detail in Section
4.0.

The results of these studies have chown that the optimum
recovery as a function of diffuser aspect ratio varies
appreciably with aspect ratio. Overall compressor <2sign
strategy will be strongly influenced by this recovery-
versus-aspect-ratio behavior because the impeller exit
depth is strongly coupled geometrically and the fluid
dynamically to the diffuser's aspect ratio. Because the
diffuser inlet boundary layer thickness in a centrifugal
compressor will change only slightly with a small change in
diffuser depth, blockage can be expected to change
appreciably as aspect ratio is altered. For these
reasons, it is imperative in design that good information
be available on the variation of pressure recovery with
both blockage and aspect ratio.

Throat Inlet Blockage

Many channel diffusers operate where the throat consists
of a potential "core" flow surrounded by viscous boundary
layers. The boundary layer characteristics of such a flow
may be partially described by the "throat" blockage.

The throat blockage is defined in terms of the actual
geometric throat flow area and un equivalent
one-dimensional flow area. This one-dimensional
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2ffective flow area is that required to pass a one-
dimensional flow (having a mass flow equal to the actual
mass flow through the channel diffuser throat) and
having the measured values of throat centerline

stagnation pressure and temperature. The throat blockage
B is defined as ‘

A
effective
B=1-7% (7)
geometrical
where
A . = actual diffuser throat area
geometrical
A . = the equivalent one-dimensional flow
effective

area

The throat blockage B has been described in terms of a

potential "core" type flow. However, the same throat
blockage can be used for fully developed flow.

Throat blockage B and inlet Mach number M, are the two

primary inlet flow parameters investigated in these
studies.

Inlet Reynolds Numbe~

The boundary layer behavior characteristics entering the
diffuser will depend upon Reynolds number of the inlet
flow. The characteristics may vary sufficiently to

affect diffuser performance if the range of inlet Reynolc=z
numbersis large. The present studies have surveyed the
influence of inlet Reynolds number by varying inlet
Reynolds number by a factor of 3. The resulte of these
experiments will be discussed in Section 4.0.

Nonuniform Distribution of Throat Blockage

The channel diffuser inlet boundary layer is developed
on the sidewalls and the suction and pressure surfaces of
the centrifugal cor.pressor diffuser in the vaneless

_____




and semivaneless space. These bhoundary layers are

subject to a radial pressure gradient which produces a
secondary flow component in the boundary layers on the
sidewalls of the diffuser. The amount of secondary flow
produced will depend upon the magnitude of the radial
pressure gradient and the streamline direction of the

flow through the vaneless and semivaneless spaces. If

this secondary flow effect is pronounced, it results in a
bleeding of the sidewall and suction surface boundary
layers into the core flow ahead of the channel diffuser
throat. Because of this, the boundary layer flow entering
the channel diffuser throat may ke quite unevenly distri-
buted around the throat periphery. The small amount of
growth on the vane surface immediately ahead of the chanrel
diffuser throat accentuates this effect. This wvariation

in boundary layer thickness reflects an equivalent variation
in throat blockage B around the throat periphery.

Diffusers with asymmetric distribution of blockage might
have a poorer diffuser performance compared to identical
diffuser geometries with the same but uniformly distributed
throat blockage. An asymmetric distribution of blockage
might produce an unfavorable boundary layer situation on
those walls with the large blockage. This would lead to

an early separation of the diffuser and a change in opti-
mum recovery as a function of diffuser geometry.

A set of studies has been made to look at this effect.
The detailed results are presented in Section 4.0.

Nearness of Inlet Velocity Profile to Separation

The history of the boundary layer flow approaching the
channel diffuser throat is important, since it determines
the boundary layer velocity profile and the nearness of
the boundary layer to separation. Nearness to separation
is usually specified either by the approach of the local
skin friction coefficient toward zero or by the specifica-
tion of a velocity profile shape factor for a particular
class of boundary layers. It is usually expected that

the closer the houndary layer is to separation, the

poorer will be the performance of the diffuser.
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In high-pressure~ratio centrifugal compressors, the flow
leavirg the impeller is supersonic relative to the
diffrser. From the work of Welliver and Acurio (1967),
it appears that the optimum procedure is to dirffuse the
supersonic flow to Mach numbers less than 1.2 ahead of
the vane leading edges, whereupon the flow is caused to
shock before entering the diffuser channel. The imprint
of the resulting shock upon the boundary layer produces
a shock-boundary layer interaction process that may distort
the boundary layer characteristics. The resulting
boundary layer flow emerging from under the shock and
entering the diffuser may be near separation. Although
the shock-interaction process is not really well under-
stood, it has been generally assumed that such a shock-
boundary layer interaction immediately ahead of the
channel diffuser throat will produce a poorer diffuser
recovery than that indicated by the dependence of Cp on
inlet blockage B alone.

The effect of shock-inlet boundary layer interaction
ahead of the diffuser throat has been studied and is
discussed in Section 4.0.

Wall Contour Near Diffuser Throat

Diffusers having sharp corners are often found in centrif -
ugal compressor channel diffuser designs. The snape of
the corner at the throat of the diffuser may have an
important influence on the growth of boundary layer on

the diverging walls and hence the pressure recovery of

the diffuser. T[or example, a reduction in the adverse
pressure gradient imposed on the boundary layer on the
diverging walls near the throat will be obtained if a
rounded corner is used instead of a sharp corner. A local
dip in static pressure occurs near the throat because of
the acceleration of the flow around the corner. This
local dip in static pressure will be decreased with a
rounded corner, thus lowering the pressure rise imposed
upon the boundary laver immediately downstream of the
diffuser throat.

Experiments have been run in these studies to measure

the influence of rounding the sharp corners of the
throat over a small range of geometries. The results of
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these studies as they affect diffuser performance are
discussed in Section 4.0.

Inlet Potential Core Flow Characteristics*

It is the mixed out flow from the impeller that arrives
at the channel diffuser throat. This flow obviously has
a high turbulence level. It may ailso have velocity
distortions caused by shedding from separated flow regions
in the flow elements ahead of the channel throat, or

if the flow is not thoroughly mixed out before it enters
the channel diffuser, remnants of the jet and wake
portions of the flow off the impeller will be present.
However, the small relative velocity between wake and jet
and the high passing blade frequency of the impeller
blading should make such fluctuations appear as rather
high frequency turbulent fluctuations. .

Mixing calculations and empirical measurements appear to
confirm that the impeller flow is well mixed out prior
to entering the channel diffuser. 1In general, it is
expected that the amplitude-frequency spectrum of
velocity fluctuations at the inlet flow should be
sufficient to describe the inlet unsteady flow behavior.

Inlet and Diffuser Cross-Section Shape

The inlet and diffuser passages are rectangular for the
diffuser studies in the present investigation. It is
probable that passage cross-section shape has a noticeable
effect cn the flow development through both the inlet and
the diffuser because of *hree-dimensional and/or wall
corner effects.

Tre addition of fillets in the corners of a basic
rectangular cross-section passage represents a simple and
practical alteration of geometry. Because separation
first occurs in the corners of rectangular diffusers, the

*These inlet characteristics and the two remaining

effects discussed in this section -- "Inlet and Diffuser
Cross Section Shape" and "Skewed Inlet Boundary Layers" --
have not been examined experimentally in any detail in
these present studies.
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addition of fillets may significantly change boundary
layer growth and/or the amount of separation and mixing.
Diffuser recovery maps might be significantly altered,
and some improvement in peak recovery might be gained by
such a geometry change.

Another example of a simple alteration in diffuser
geometry is divergence in two directions (double
divergence diffusers). Tandem divergence diffusers are
another simple geometric modification. In this case,
the diffuser diverges at a fixed angle for a given length
of the diffuser passage and then diverges at a different
angle to produce the required overall area ratio. There
is some evidence available that double divergence and
tandem divergence diffusers can achieve improved per-
formance in terms of pressure recovery over that
obtained by singie divergence diffusers with the same
overall length-to-width ratio, area ratio, and inlet
blockage.

Skewed Inlet Boundary Laya2rs

The boundary layer off the impeller moves onto a surface
with a component of motion transverse to the direction
of the bourdary layer flow. This effect produces a
skewed boundary layer velccity profile; the viscous flow
near the surface distorts the velocity profile into

a three-dimensional pattern [see Johnston (1960)].

The extent to which this effect influences the boundary
layer growth and its characteristics in the vaneless and
semivainless spaces is not known. However, the skewed
woundary layer behavior characteristics may be retained
up to the channel diffuser throat and affect the pressure
recovery performance thereof.

The secondary flow behavior described previously will
also produce skewed boundary layer flow at the diffuser
throat. The growth and development of the boundary layer
in the diffuser should be somewhat different from the
unskewed boundary layers studied in the present program.
Such effects may have a direct influence on pressure
recovery because of changes in boundary layer dcvelopment
in the diffuser.
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2.5 OPTIMUM PRESSURE RECOVERY

A convenient presentation of diffuser pressure recovery
performar.ce as a function of the important parameters is the
pressuce recovery performance map. Such maps are contour
plots of pressure recovery as a function of the geometric
variables for the straight-channel, single-symmetric
divergence diffuser for fixed values of the fluid dynamic
inlet variables. At low Mach numbers, maps have been
obtained as displayed in Figure 2.

It is convenient to consider the diffuser performance maps
as "contour" maps: these maps give contcours of constant
pressure recovery which describe contours of constant
"elevation". Thus, the highest contours of pressure
recovery define the "peaks" of the pressure recovery
"hills"

For some diffuser applications, geometric restrictions
permit only a given area ratio diffuser to be used. 1In
such cases, the diffuser iength-to-width ratio L/W1 and
the divergence angle 28 can be adjusted to cbtain the
prescribed area ratio. 1In other applications, the maximum
diffuser length-to-width ratio L/W; may be prescribed, in
which case the diffuser geometry may he varied between
limits on 28 and the area ratio AR to remain under the
limitation con length-to-width ratio.

In the literature, these two particular applications have
been discussed as defining two ridges of "optimun"
performance in terms of the diffuser pressure recovery
performance map.

Optimum Diffuser Ferformance at Constant Area Ratio

Referring to Figure 2, when area ratio is pcescribed, there
is a given cptimum performance available in terms of

pressure recovery for each area ratio. These are obtained A

by followiag lines of constant area ratio and by
determining the value of L/W, on the performance map "hill"
for which the highest performance is obtained. The locus

of these points describes the diffuser nondimensional .

length-to-width ratio producing a maximum pressure recovery
for a prescribed area ratio. Such a line has been called
Cp‘* in the literature (Sovran and Klomp (1965)]. A sketch

of a typical diffuser performance map and the line Cp** are
shown in Figure 8.
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Figure 8. Optimum Pressure Recovery Lines
Cp‘ and C **,
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Optimum Diffuser Performance at Consgtant Leagth-tco-Width Ratio

A second line Cp*, Sovran and Klomp (1965), is the locus of

points describing the maxima in diffuser pressure recovery and
corresponding values of area ratio AR for constant values of
length-to-width ratio L/wl. The line Cp* is also shown on

Figure 8. The line Cp* is always higher ir diffuser divergence

angle than the line Cp**.

The term "peak" recovery is used here to define the "peak" of
the pressure recovery "hill" for a given performance map.
Nomenclature in the past has referred to peak reccvery as the
maximum in pressure recovery at constant L/Wl; the top of the
pressure recovery "hill" has been referred to as a maximum in
pressure recovery. Throughout the remainder of this report,
we shall refer to the peak of pressure recovery as the highest
recovery on a given performance map. The lines Cp* and Cp**

will be referred to as the ridges of pressure recovery.

The performance behavior of diffusers has been aiscussed
extensively in a number of references within the previous
literature, at least for low Mach numbers. The reader is
referred in particular to the references Reneau et al (1964)
and Sovran and Klomp (1965) for a discussion of the wvarious
diffuser optima.

4




e el N e

T A ® Yt 7. ¢ mmparmsom oo =+ e

PR

o

a ¥

3.0 EXPERIMENTAL PROCEDURE

To provide a variation in Reynolds number and to simulate
Reynolds number conditions found in diffuser practiece, the
experiments have been run in a closed-lcop wind tunnel. The
closed-loop tun'2l permits variable density operation and
carefully controlled cleanliness and humidity conditions.

3.1 WIND TUNNEL

A schematic diagram of the diffuser wind tunnel is shown in
Figure 9.

The pressure level control equipment provides a variation in
operating pressure level from 10 to 100 psia. During the
testing program, all studies were run at either 20 or 60 psia
nominal pressure A small pump-up compressor charges the main
test loop to set the operating pressure level and to supply
makeup air to compensate for small leaks in the loop. The
pump-up compressor is rated at 10 cfm at 100 pounds per square
inch gauge. The pump-up compressor was used in conjunction
with a regulator to maintain system pressure during flow
operation. The pressure level control unit is designed for
dry, oil-free air and has sui:able aftercoolers to insure an
adequate air supply through the main test loop at ambient
temperature. The 0il and water desiccators were rated to
remove all oil to a concentratio:: of less than two parts per
million and water to a dew point of -45°F.

Air Supply

Air is circulated thrcugh the tesgst icop by two compressors
connected in series. The conpressors are specified for
ccnstant-displacement, oil-fre: operation. To run in a
closed-loop confiyuration, special shaft seals are required

to prevent oil leakage through the main compressor seals. To
help orevent leakage of o0il into the air flow system, an air
ejector was attached to the compressor oil sumps, keeping them
considerably below the compressor inlet pressure.

The compressors a.e of the rotary screw type and produce large
fluctuations in pressure at the compressor outlet. To isclate
the pressure fluctuaticns from the test secticon, a 50-gallon
tank was placed at the entrance of the main compressor
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aftercooler and €illed with low-porosity, flexible foam
filtration material. FHelmholtz resonators were also installed
at two locations in the piping These resonators were tuned to
produce an ovt-of-phase standing wave for the fundamental and
first-harmonic frequency of the compressor's pressure
fluctuations. The section of piping immediately upstream of
the flowmetering unit was filled with porous material to further
damp the pressure fluctur* - immediately upstream of the test
rig., Although the f’“ctuations were never entirely eliminated,
they were reduced to a very srall level. A quantitative
discussion of th~ megnitude of .:2 pressure fluctuations is
presented in Section 4.0.

Test Rig

The t~ut rig compricses the flowmetering unit, flowmnetering
valves, and test soction. The flow enters through a 51"
length of 4" pipe in which the pressure fluctuation material
discussed in the foregoing section is mounted ahead of the
entry to the fiowmetering unit.

Flowmetering Unit

The flowmetering unit comprises the horizontal run of 4" pipe
upstream of the test section. The flowmeter is a 1-1/4" Cox
flow nozzle assembled in the 4" pipe as shown in detail A of
Figure 9. The length of pipe upstream and downstream of the
flow nozzle unit meets standard ASME flow nozzle recommenda-
tions. The pipe's length-to-diameter ratio is 10 downstream
of the flow nozzle and 22 upstream. Recommended ASME-type
flow straighteners were provided at the extreme upstream end
of the flowmetering unit. The straighteners were 8"-long
steel tubes with 3/8" 0.D. and 1/16" walls. These were
brrzed into place in the 4" pipe section. Secondary flow
and turbulence were further reduced by the pressure damping
porous material immediately ahead of the flow straighteners.

The flowmeter unit was arc welded into the 4" pipe; care was
taken to insure alignment and to insure that the weld bead did
not extend inside the pipe. After initial alignment of the
centerline of the flow nozzle with the centerline of the 4"
pipe (concentricity estimated to be +.002"), the entire
assembly was dowel-pinned to insure correct repositioning if
the unit were ever disassembled after calibration had been made.
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The flowmeter unit (flowmeter and upstream and downstream
piping) was assembled at Creare and calibrated at the Colorado
Engineering and Experimental Station, Incorporated, a nonprofit
corporation providing flowmetering calibration.

The calibration for the Cox flow nozzle unit is shown in

Figure 10. The calibration medium was air between 63°F and \
76°F. The calibration is given in terms of the discharge

coefficient for the flow nozzle CD as a function of the

Reynolds number RD. Over the range of calibration from
Reynolds numbers of approximately 2 x 164 tc 1 x 106, the

data scatter around the mean calibration curve with a standar.
deviation of 0.263%. Calibratioun standards for the flow
nozzle calibration are traceable to the Nation Bureau of

Standards.

Flow Control Valwving

The bypass valving provided contrcl of the hack pressure
downstream of the diffuser exit. A very fine control is
necessary to control the Mach number to high precision. The
valves vary in adjustment from coaise to versy fine.

Test Section

The schematic diagram of Figure 11 shows the "sandwich"
arrangement of the variouc pieces of the test section. The
"hlock" pieces go together to def*ne the channe! of the inlet
passage and the diffuser and are '"sandwiched" between a top
and bottom cover. This sandwich arrangement provides easy ;
access for making changes in the test geometries; however, it '
does provide some difficultierc in sealing. i

To provide adjustment in the width of the diffurer channel

(W;), each of the blocks that go together to provide the flow .y
channel contour are individually adjustable in their distance !
from the centerline of the flow channel., This is accomplished

by positioning screws, permitting accurate positioning and

clamping of the various insert blocks. During assembly, gauge -
blocks are used to accurately adjust the flow channel width.
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Figure 10. Flowmeter Unit Calibration.
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The entire sandwich arrangement is bolted together along the
edges. Clearance holes for the bolts in the insert blocks
are drilled .098" oversize to allow for variable positioning
of the test section blocks. This arrangement provides
sufficient flexibility to allow accurate alignment in
conjunction with the gauge blocks.

The test section sandwich assembly is bolted to upstream and
downstream flange sections. The entire test section assembly
then bolts directly to the flanges on the 8" diameter

upstream and downst:iream flow piping shown in Figure 1ll. The
flange bolted to the upstream end of the sandwich assembly
has an inlet nozzle for the flow from the 8" diameter upstream
pipe. The width of the inlet channel®blocks can be adjusted
to maintain a flush, continuous surface from the contour of
the inlet nozzle to the flow passage in the test assembly.

The sketch of Figure 11 and photographs of Figure 12 show

the test section sandwich assembly (minus the top cover) and
describe the shape of the flow channel from the 8" upstream
pipe diameter through the test section to the 8" diameter
downstream plenum. The depth b of the diffuser geometry is
governed by the thickness of the insert blocks. All surfaces
of the test section pieces were surface-ground (to a surface
finish of approximately 10 microinches RMS) to maintain a
constant thickness throughout the flow channel.

The insert blocks occur in the following order, from upstream
to the exit of the test section:

(L) The inlet nozzle, indicated as (5) in Figure 11,
converges the flow from the 8" upstream pipe plenum ,
to the rectangular flow channel formed in the test
section.

(2) The flow chapnel "width" in the upstream section of
the test section is formed by the inlet channel
blocks (§. These blocks are 3" long. A 1/8" wide by
0.050" deep boundary layer trip slot is machined ip
the surfaces of the top and bottom covers and the
downstream aend of the inlet channel blocks (6 The
boundary layer trip slot completely encloses thz flow
channel and induces transition from a laminar to a
turbulent boundary layer in those cases where
transition from laminar to turbulent boundary layer
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(3)

(4)

(s)

flow would not have otherwise occurred by this
streamwise iocation. The trip slot was designed
using the roughness element criteria described in
Schlichting (1964).

The flow channel is next contracted in width by the
sine blocks(7. These sine blocks are contovred
according to the equation

X, _h o 21
Y =3 h 57 Sin ( ’ ) (8)

The terms in the equation are identified in Figure 13.

This equationr. has its first and second derivatives at
the upstream and downstream endsof the sine blocks
equal to zero. This provides an impulse-free
acceleration of the flow through the sine block
contraction. The same equation has been used for all
three aspect ratics.

The sine blocks were contour-milled to within .010"

of the final shape. The blocks were finished by

hand. The final hand-finishing and polishing was
carefully done to insure that the edges of the nozzles
were not rounded and that the profile was not skewed
from side to side.

The next set of blocks (10) are channel wall inlet
blocks, providing boundary layer growth ahead of the
diffuser. These blocks are of various lengths to
provide the required range of throat blockage.

The flow then enters the diffuser blocks (11 The
actual divergence of the diffuser starts 1/2" downstream
of the junction between the inlet and diffuser blocks.
Any deleterious effects on the flow of the joint
betwaen the diffuser and inlet blocks tend to be
smoothed out before the flow enters the diffuser.
During the polishing of the diffuser blocks, a
congiderable effort was made to keep the divergence
corner of the diffuser blocks sharp.
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At the exit cf the diffuser (1ll), the test section
channel enlarges to the same width that it has at
the upstream end of the test assembly, i.e., the
inlet channel formed by the blocks (6).

In those cases where the diffuser blocks must be
moved upstream (because of the use of short inlet
channel blocks for boundzry layer growth), a filler
block is used between the end of the diffuser block
and the downstream flange. The filler block is shown
in Figure 12, Behind this length adjustment block

is a 1" thick aluminum flange that abuts the flange
attached to the downstream plenum (i3). The flow
passage through this flange is somewhat larger than
the slot formed by the exit channel in the tes.
assembly; an exit expansion of about 2% is encountered
before the flow discharges into the 8"-diameter
plenum,

The flow passage downstream of the "exit" of the
channel diffuser passage is thus a series of small
expansions and then a largye expansion to the down-
stream plenum, Note that the geometry cf these
expansions changes with the length of inlet and
diffuser blocks used. Thus, the downstream geometry
is slightly altered from test to test where blockage
ox diffuser length has been changed.

The setup of the sandwich assembly and the adjustment of the
test section blocks are done very carefully with jauge blocks
to insure that the flow bcundaries of the channel are continuous
and that the wall sections of the inlet channel are parallel.
Two gauge blocks are used. One is a S" gauge block for gauging
the constant-area section ahead of the sine blocks and down-
stream of the diffuser. The other is used to gauge the throat
width W,. The gauge rlock slides bLetween the walls of the
constant-area section, giving 2 uniform "feel" fit in setting
up the tes* section. The repeatability of alignment from
setup to setup has been measured and is repeatable to within
0.0005". The accurate repeatability of geometries from setup
to setup is importait to the overall consistency and accuracy
in the test perforrance data,
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Sealing Arrangement

The sealing of the test section "sandwich" assembly is
designed around the use of running (-ring seals. Because of
the complexity of the assembly, some "butt" sealing points
are required. A combination of running O-rings, butt O-rings,
and sealing between insert blocks using RTV (room temperature
vulcanizing rubber) sealant has been used. Separate in-house
tests were run to determine the tolerances that must be used
on butt O-ring seals to maintain effective sealing. Good
seals require good dimensional control of the length of the
O-rings and the use of a slight amount of vacuum grease to
allow O-ring movement.

There are a number of critical sealing areas in the test
assembly. Particular care has to be taken when O-ring seals
are made around corners. In these cases, extra material
(epoxy resin) had been added and carefully shaped to prevent
the O-rings [rom withdrawing into the slots at the corners. In
particular, the front and bottom covers required considerable
handworking to establish the geometric configuration of the
0-ring grooves in the initial setup. However, once initial
precautions to insure good seals were made, these setups

could be easily and quickly repeated. The sealing of the test
section in all cases was reliable and excellent.

Pressure Tap Locations

The bottom cover plate has a series of static pressure taps
located in the flow direction along-the centerline of the

flow passage. These are indicated in Figure l1. The pressure
tap holes are 0.013" in diameter. The axial location of these
holes i3z given in Table II.

Travereing Pressure Tube Jnit

The schematic diagram of Figure 9 indicates a traversing
pressure tube indicating uiit attached to the test section.
This is a 0.050" 0.D. traverse tube containing a static
pressure hole which can be movel 2xially down the centerline
of the test section flow passage to measure static pressure.

.
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TABLE II. STATIC PRESSURE TAP LOCATIONS
Location Measured From
Boundary Layer Trip Slot
Tap Number (in.)

1 .50
2 1.00
3 1.50
4 2.00
5 2.50
6 3.00
7 3.E0
3 4.00
9 4.50
10 5.00
11 5.50
12 6.00
13 6. 50
14 7.00
15 7.50
16 8.00
17 9. 00
18 9.50
19 10. G0
20 10.50
21 11.00
22 11.50
23 12.00
24 12.50
25 12.65
26 12.80
27 12.95
28 13.10
29 13.25
30 13.50
31 13.75
32 14.00
33 14.25
34 14.50
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TABLE I1 - Continued
Lucation Measured From
Boundary Layer Trip Slot
Tap Number (in.)
35 15.00
36 15.50
37 16.00
38 16.50
39 17.50
40 18.50
41 19.50
42 20.50
43 21.50
44 22.50
45 23.50
Pressure Transducer 6.50
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The 0.050" 0.D. tube is attached to 7/32" 0.D. support tubing
located in the upstream and downstream plenums. The 0.0135"-
diameter static pressure hole is drilled through one side of
the tubing. The traversing length does not allow the 7/32"
tubing to enter the test section.

The 7/32" tubing is mounted in brass bushings aligned by thin
spiders in the 8"-~-diameter upstream and downstream plenum
pipe. The tubs exits through bushings shown on the scale
drawing of the test loop in Figure 9. Sealing between the
test rig and traverse tube is made by O-rings placed where the
7/32" tube passes out of the closed loop. The0.050" tube
passes through the 7/32" tube, and a pneumatic line is
attached between the tube and pressure transducers.

Steel cables attached to the ends of the traverse tubing
outside of the flow loop pass-over pulley connections and are
attached to 60-pound weights. The 60-pound tensile force

on the static tube results in a vertical static deflection of
approximately 0.0018". The static deflection is small enough
that the probe is assumed to lie in *he center of the throat
passage.

Vibration of the tubing in the test section during flow
conditions was never measured directly. However, indirect
measurements of the effect of any tube vibration on pressure
measurements were made during initial testing by varying the
tension on the tube between 0 and 60 pounds. The static
pressure in the throat of the diffuser was measured as the
tension was changed; no change in the pressure indication was
observed. Either the tube was not vibrating significantly or
vibration does not influence the static pressure measurement.
Some tests were run without the static pressure probe to

compare the static wall tap pressure readings with and without

the presence of the traverse pressure tube. It was concluded
that the traverse pressure tube is not affected by tube

vibration, and it correctly measures the static pressure through-

out the test section.

The traverse tube is manipulated by an actuator and

control unit. The traverse motion of the probe can be
controiled up to 10" with a position accuracy of .001" in the
traverse mode. The control unit (consisting of a potentiam-
eter and associated servo drive) can be manually set to
locate and measure the position of the traverse tube.
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Some problems were encountered throughout the testing prcgram
in maintaining the traversing mechanism in smooth and
reliable operation. The traversing unit tends to

overshoot a location and has considerable backlash when
changing direction of motion. By traversing in one direction
only and by taking great care in setting the axial location, a
position accuracy to within +.001" can be maintained.

A second traversing probe configuration was used during some
of the preliminary testing. This configuration consists of a
second tube attached to the traverse tube to provide a total
pressure probe. The configuration is detailed in Figure 14.

3.2 INSTRUMENTATION

Various instrumentation has been used to obtain the necessary
data to evaluate diffuser performance. Other instrumentation
was used throujhout the testing program to check and control
conditions under which the datawere taken. This section
discusses the specifications, characteristics, and experimental
uncertainty of each of the instruments used.

All instrument accuracies will be quoted at 2C:1 odds: see
Kline and McClintock (1953).

Temperature Measurements

All temperature measurements were made with insertion, bulb
type thermometers.

The upstream stagnation temperature was measured by a remote-
reading insertion bulb thermometer located in the 8"-diameter
plenum upstream cf the test section. The readout gauge was
mounted at the instrument console. All temperature measure-
ments were repeatable to +3°F. This is typical of the type

of thermometer used. The thermometers were checked from time
to time with a secondary standard mercurv thermometer and were
always found to be within +1°F of the correct temperature.

Pressure Measurements

Two types of pressure transducers were used in the actual
recording of performance data. Additional transducers were
used in the evaluation and/or calibration of the pressure
readout equipment.
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The types of pressure transducers used are:

(1) Mercury barometer -- this barometer was uised to
record atmospheric pressure data as a reference
for base data on diffuser performance and as a
reference for calibration purposes.

(2) Differential strain gauge transducers -- a set of
three strain gauge transducers was the principal
pressure measuring instrument.

(3) Piezoelectric pressure transducer -- this transducer
was used to measure pressure fluctuation levels
throughout the test section.

(4) 30" to 50" vertical manometers, three manometers
containing distilled water, kerosene (specific
gravity = .7909 at 50°F), and mercury respectively.
Each of the manometers has an inside bore of 0.22".

(5) Two 3" pressure gauges, range 0 to 100 psig --
these gauges were used only for reference and were
not used for any final data recording.

(6) Miscellaneous pressure gauges and regulators were
used to maintain proper operating pressure ratios
across the air supply compressors and to keep the
closed-loop pressure level at a constant value.

Barometer

The barometer has a vernier scale and should measure the
barometric pressure to an accuracy of +.010". This
instrument has been checked against an equivalent
barometer at the Physics Department of Dartmouth College
in Hanover, New Hampshire. The barometer reads the same
pressure when a suitable correction for altitude
differences is made.

Pressure Transducer

The pressure transducer is a high-response transducer for
measuring pressure level fluctuations. The specifications
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and response information for this transducer are
shown in Figure 15. The transducer was used for
measuring pressure level fluctuations in the upstream
8"-diameter plenum ahead of the test section, near
the throat of the diffuser geometry in the test
section, and in the 8"-diameter downstream plenum,
The exact location of the hole in the top cover of L I
the test section in which the transducer was ‘
located at the diffuser throat can be found from

Table II. When the transducer was not used in the

test section, a brass plug was inserted into the .
transducer hole. The depression on the inside of

the top cover was filled with epoxy resin and hand-
worked until smooth and flat,

The following instrumentation was used with the
transducer: a charge amplifier, an oscilloscope,
and a camera for recording data,

The strain gauge transducers are part of a transducer recording
system used to scan and read pressures throughout the test
3ection, Figure 16 is a schematic diagram of the pressure
measuring system showing the electrical and pneumatic
connections,

The readings of the strain gauge transducers were the only
data needed to evaluate pressure recovery performance with the
exception of the measurement of stagnation temperature and
atmospheric pressure,

The specifications for each of the strain gauge transducers i
are:

A. Differential Pressure Diaphragm Actuated Strain
Gauge Pressure Transducers »
1) Low Range % 2.5 psid
0.01%/°F thermal shift of sensitivity
0.01%/°F thermal shift in transcducer zero
{(percent of full scale) -
0.5% nonlinearity and hysteresis (percent of
full scala)
excitation, 10 volts
input resistance, 370.9 ohms (DC)
output resistance, 355.2 ohms (DC)
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2)

3)

\ B L. T . ’ . . J R e i

calibration factor, 1.754 mv/volt psi
calibration resistor, 21K % 1%

Medium Range #25 psid
same nominal ratings as (1) above
input resistance, 355.1 ohms (DC)
output resistance, 339.3 ohms (DC)
calibration factor, 0.1897 mv/volt psi
calibration resistor, 20K 1%

High Range O to 100 psid
0.01%/°F thermal shift of sensitivity and of
zero (percent of full scale)
5,000 psia maximum line pressure
1% nonlinearity and hysteresis (percent of
full scale)
axcitation, 5 volts
input resistance, 246 ohms (DC)
output resistance, 345 ohms (DC)
calibration factor, mv/volt psi
calibration resistor, 10K #1%

The specifications for the remaining eiements of the transducer

system are:

B. Other

Elements of the Transducer System

1)

2)

Digital Voltmeter +100 mv DC with diode

reference (zero mechanism)

0.05% linearity, 60°-115°F ambient

0.1% accuracy t one digit

500K maximum source impedance for rated accuracy

repeatability (estimate) +.01 mv

uncertainty in setting the zero:
i.e,, stable zero at +0.03 mv

+0.03 mv,

Power Supply 0-.750A, 12 volts, 0.75 amps,

3)

output regulation +0.05 volts

Bypass Relief valve 5 to 20 psi adj. for low

range and 1S to 50 psi, adj., for medium rang»




- e 1o -+ s .

4) Scanivalve Wafer Switches, Scanivalve 0-50 psi

wafer switches

5) Scanivalve Pneumatic Connectors and related

hargdware

6) Precision Potentiometers

Low Range
Zero

Calibrate

Medium Range

Zexo

Calibrate

High Range
Zéro

Calibrate

Except for the power supply,

30K Resistance
+5% Tolerance
+.25% Linearity

100 ohm Resistance
+5% Tolerance
+.50% Linearity

30K Resistance
+5% Tolerance
+.25% Linearity

100 ohm Resistance
+5% Tolerance
+50% Linearity

30K Resistance
+5% Tolerance
+.25% Linearity

1K Resistance
+5% Tolerance
+.25% Linearity

the abo e components were

inspected on a reqular basis for proper operation and cleaning.
The pressure transduc2rs and pneumatic wafer switches were
particularly sensitive to corrosion and wear. These were
cleaned on a regu’ar, 6-month basis. Near the beginning of the
experimental program, the test loop was run open to ambient air.
During this time, high humidity conditions produced water
condensation in the wind tunnel loop: water coliected ODelow the
flowmeter nozzle and in the pressure transducer pneumatic line.
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Also at this time a water manometer wu.; "blown”, thereby
permitting water to enter the transducer strain gauges.

The transducer system was completely disassembled, cleaned,
reascembled, and recalibrated.

3.3 PRESSURE TRANSDUCER SYSTEM CALIBRATION

The complete pressure transducer system (in which the input is
the pneumatic signal to the pressure side of transducers and
the output is the digital reading of the digital voltmeter)
was calibrated a number of times during the experimental
pregram. All pressure recovery performance data depends upon
the readings of the pressure transducer system; it was thus
essential to insuvre that the operation of the transducer
system was follow: ng the assumed calibration.

There were two types of calibration tests. The first
consisted of the connection of pressures simultaneously to
both ports of the differential strain gauge transducers. Thisa
technigue determined variations in transducer performance with
changes in pressure level. The second set of tests applied

a differential pressure to the transducer while one side of
the transducer system was kept at = fixed reference level
(atmospheric pressure). Calibration points were obtained
throughout the pressure transducer system range to determine
effects of both nonlinearities and hysteresis.

The equipment used in the calibrations are listed below with
their probable uncertainties at 20:1 odds. The vertical
manometers and the barometers are considered to be secondary
standaras.

Instrument Uncertainty

(20:1 odds)
1) 0-50" Mercury Manomeler #0.075"
2) 0-50" H,0 Manometer +0. 190"
3) 0-50" Kerosene Manometer 30.050"
4) Barometer *0.010"

The cai.brations indicated that the pressure measuring system
was ~onsiderably more accurate than the manufacturi:g
specitications. More accurate standards should be used to
adecuately define the transducer system's uncertainties. The
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uncertainties are interpreted as the probable maximum
uncertainty intervals of the pressure measuring system. The
uncertainties in the pressure measuring system at 20:1 odds are
given in Table III.

TABLE III. PRESSURE MEASURING SYSTEM UNCERTAINTY
Uncertainty as
Percent of Full
Transducer Range Uncertainty Scale (20:1)
Low Range 0-2.5 psid +.09 mv +.2%
(0-45 mv)
approx.
Medium Range 1-25 psid +.09 mv +.2%
(2-45 mv)
approx.
High Range 2~100 psid +.1 nmv +.22%
(0-45 mv)
approx.

The results of the calibrations are shown in Figure 17 for all
three transducers. The uncertainty interval from a statistical
analysis of the data is shown as a function of the scale
reading in millivolits. These curves have been used for the
uncertainty calculations.

3.4 PNEUMATIC CONNECTIONS AND PRESSURE MEASURING LOCATIONS

The locationsof the pressure taps on the bottom plate of the
diffuser test section are given in Table II. The static
pressure tap data were not used in evaluating recovery
performance but were used to provide a monitor on operation
and to obtain detailed pressure gradient information in
addition to the diffuser performance pressure recovery.
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Figure 17. Pressure Transducer System
Calibration,

71

B —




P hX o TR N '

For measurcment of pressure recovery, the following pressure
data were required: the flowmeter differential pressure, the
upstream stagnation pressure measured in the 8".diameter
upstream plenum, the exit plenum pressure measured downstream
of the diffuser test section in the 8"-diameter downstream
plenum, and the throat static pressure measured with the
traverse pressure probe.

All pressure leads were made with nylon tubing from the
pressure tap locations to the pressure transducer equipment
and were scanned using Scanivalve pressure selection switches.
Prior to every run, the entire pressure system was checked for
leaks at the elevated upstream stagnation pressure (usually

60 psig); all connections were thus operating against external
atmospheric pressure, and any differential pressure indicating
a leak could be detected on the low range transducer.

3.5 EXPERIMENTAL TECHNIQUE

The experimental techniques and data reduction procedures
required to obtain diffuser performance are now described.

During a test, the operator measured pressure recovery
performance for a fixed-geometry diffuser at a prescribed
throat inlet Mach number using one of three approach inlet
blecks (to produce the desired value of inlet throat blockage).
The operator recorded upstream stagnation pressure and tempera-
ture, mass flow, barometric pressure, and temperature data,

as well as static pressure and total pressure measurements in
the test section. These measurements are sufficient to define
the throat inlet Mach number My, blockage B, Reynolds number
Ry, and pressure recovery Cp.

Throat Inlet Blockage

Throat inlet blockage is calculated using the measured mass
flow rate and the calculated theoretical, one-dimensional
mass flow rate as determined from the diffuser inlet area
throat stagnation temperature T, , throat static
t
pressure pg, and throat stagnation pressure Po *
t

Ageometrical'




The mass flow rate passing through the diffuser is measured
by the flowmeter unit lorcated upstream of the diffuser test
section. Extreme care was maintained to insure that there was
no flow leakage between the flow measuring nozzle ang the
throat of the diffuser; even a small amount of leakage from
the test loop between the flowmetering nozzle and the test
section at the throat will produce serious errors in the
calculation of throat inlet blockage.

The theoretical mass flow rate is calculated as follows (for
a one-dimensional flow through the diffuser throat):

po
. _fE e )
mass flowideal =\z - f(Mt) Aflow (9
%t
where To = throat centerline stagnation temperature
t -1-k
2(k~1) (10)
k-1 2
f(Mt) = Mt (1 + > ¢ )
Aflow = one dimensional cross-sectional flow area

R gas constant
The ratio of the measured mass flow to the above ideal,
theoretical, one-dimensional, mass flow is equal to the ratio
of the effective throat area to the geometrical throat area:

g

(o]

f(Mt) Aeffective

m|x|
L
o

mass flow o
measured _

mass flow

rt

O

ideal [ ©
k
VR 7 £ 2
¥ Ot

ot

geometrical

7

Aeffective

(11)
geometrical
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The throat blockage B, defined from Equation 7, is

‘

mass flow
measured

mass flowideal

Throat Inlat Reynolds Number

The throat inlet Reynolds number is defined by

(12)

where V = throat, centerline "core" velocity
v = fluid kinemzcic viscosity
D = throat hydraulic diameter

The throat centerline "core" velocity is calculated from the
measured throat static pressure, stagnation pressure, and
stagnation temperature, assuming isentropic flow from the
measured upstream stagnation conditions to the measured static
pressure level at the throat, i.e., from the inlet Mach number
Mt'

V=aM (14)

where a = local speed of sound = kaTt (15)

k=1 2
Tt = Tot/(l + > N ) (16)

Inlet Mach Number

The inlet Mach number was calculated from the measured
upstream stagnation pressure and measured throat static
pressure assuming one-dimensional, variable-area, .sentropic
flow from the upstream plenum to the diffuser throat in the
“ccre" flow.
p k
t x-1 2 %!




In all cases, the diffuser "throatc” location has been defined
as the point of minimum pressure in the region of the

geometric throat as determined from the traverse pressure

probe measurements. This hnlds when the ratio of indicated
throat static pressure to the upstream stagnation pressure is
equal to or greater than 0.528. Whenever this ratio is less
than 0.528, the throat location is assumed to correspond to

the .axial location where the pressure ratio is 0.528 and
supersgonic flow is assumed to occur downstream of this throat
location. Under theso conditions, a shock is assumed to exist
in the diffuser. The minimum pressure measured in the diffuser
is assumed to be equal t . the pressure immediately upstream of
the assumed one-dimensional shock. Cases in which a shock
exists in the diffuser are called "superchoking" flow. For super-
choking flow cases, the pertinent Mach number reported is

the Mach number ahead of the shock M,. Whenever My is listed
as greater than unity, M, = M,.

Static Pressure Recovery

The static pressure recovery is calculated using Equation 3.

P./P, - F(M)
_ t
cp Tl - F(M,) (3)

Py is the measured throat centerline minimum static pressure

2s determined from the traverse probe measurements. P, is
t

the throat stagnation pressure as measured in the upstream

plenum chamber. Pe: the exit pressure, is measured in the

downstream plenum. Hote that Pa is not the static pressure in

the exit plane of the diffuser. Thus, for most of the data
reported, the exit pressure includes a "dump" pressure risge
from the diffuser exit area A, (A, = bW,) to the 8"-diameter

downstream pipe plenum area.

The exit dump pressure is analogous to the collector pressure
in centrifugal compressor diffuscrs where the diffuser passages
"dump"” to a collector scroll or plenum.




Static Pressure Distribution Measurements

Static pressure distribution measurements were made using the
traverse tube; they include measurements from the most upstream
portior of the test section diffuser jeometry through the

inlet passage and partially into the diffuser. Static pressure
measurements using wall static pressure taps were measured for
most of the testr. 1Interpolated values of diffuser exit pressure
at the exit plane of the diffuser geometry can be found from
this data from which values of the diffuser pressure recovery
coefficient based on diffuser exit plane pressure may be
calculated. The area ratios that have been used in these
studies, in general, are large, particularly around peak
recovery, arnd the exit plane pressure is usually close to the
downstream plenum pressure. A comparison of gtatic pressure
recovery coefficients using both pressures shows less than a

3% difference (less than 1.5% near peak recovery) for the
geometries studied.

Test Procedure

In measuring pressure recovery for a given divergence angle
diffuser, the largest length-to-width ratio L/W, to be used
with that divergence angle and aspect ratio was tested first.
For later tests, the same diffuser blocks were cut to shorter
lengths to produce the required L/, values.

Standard operator procedure is to install the diffuser blocks
and the inlet blocks to produce the required blockage. After
sealing the test section, the operator pressurizes the entire
test loop to stagnation pressure (either 60 psia or 20 psia)
and checks for leak tightness of the entire loop between the
flowmetering valve and the downstream exit plenum.

The operator measures pressure recovery and blockage data for
each such setup over the subsonic Mach number range at
selected throat Mach number values of My, = 0.2, 0.4, 0.6, 0.8,
and 1.0. Several superchoking flow Mach numbers are also
observed, and pressure recovery is measured. These usually
correspond to nominal Mach numbers ahead of the shock in the
diffuser M, = 1.1, 1.2, and 1.35.
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When 60 psia and 20 psia data were to be obtained for the
same diffuser geometry, the test section was not disassembled
between data runs for each stagnation pressure.

For each run, throat Mach number M, is set by adjusting the
downstream control valves to supply the appropriate diffuser
back pressure and throat Mach number. The traverse static
pressure probe is traversed in the vicinity of the diffuser
throat to locate the point of minimum pressure. 1In the case
of the supercritical Mach number runs, the traverse static
pressure probe is moved into the diverging passage to locate
the minimum pressure prior to the pressure rise through the
shock in the diffuser. Adjustments of the traverse tube and
downstream control valving are continued until the required
nominal throat Mach number is achieved. The operator records
the position of the minimum throat pressure with respect to
the geometric throat location.

Usually, all other static pressure measurements in the diffuser
and inlet flow channel are made with the wall static pressure
taps. For some studies, however, the static traverse tube
was used to measure pressure distributions in the inlet and
diffuser portions of the test section.

In most cases, all diffuser angle blocks for a given inlet
length at the prescribed aspect ratio were run before inlet
length blocks were changed.

3.6 DATA PROCESSING

A very large amount of data was accumulated in the course of
these studies and it was necessary to establish a routine
procedure for processing, checking, and analyzing the data.

A high-speed digital computer was used to reduce the

data from the "raw" form taken by the test operator to the
final reduced form which could be used for data plotting and
analysis. The steps involved in this chain of data processing
are the following:

(1) Record "raw" data by test operator at nominal Mach

numbers Mt = 0.2, 0.4, 0.6, 0.8, 1.0, 1.1, 1.2, and
1. 35.
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(2)

A punched paper tape is made for 2ach run of data as
input to the digital computer. The punched tape
corresponds to 8 lewel ASCII code.

(3) The data tape is input to the computer. The
computer reduces the data as prescribed by a data
reduction program. The digital computer prints out

- the calculated performance in a standard format.

The data reduction program performs the complete calculation
of the output parameters required for each run. The printed
output from the digital computer provides a summary page giving:

(1) actual mass flow rate

(2) theoretical mass flow rate
(3) run Mach number

(4) run blockage factor

(5) run pressure recovery

(6) run Reynolds number

An example of the computer printout is given in Figure 18.

Data Reduction Program

: The data reduction program reduces the experimental data to
yield the required diffuser performance information. Table 1V
is the computer printout of the data reduction program.
Explanatory comments are interspersed throughout this program
to make the program completely self-explanatory and self-
contained. The data reduction computer program is written in
BASIC computer program language. This program:

(1) calculates the actual mass flow rate iteratively
from a linear interpolation of the discharge
coefficient of the flowmeter versus the Reynolds
number through the rflowmeter using the calibration
presented in Figure 10.

(2) calculates the theoretical mass flow rate from the
geometric flow area minus the cross-sectional area
of the static pressure traverse tube.
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TABLE IV. COMPUTER DATA REDUCTION PROGRAM

€® THE SPECIFIC DETAILS OF THE DATA REDUCTION PROGRAM =
60 ARE EXPLAINED IN COMMENTS LIKE THIS WHICH ARE

78 PLACED AT PERTINENT PLACES IN THE PROGRAM. THESE

88 COMMENTS ARE NOT ACTUALLY PART OF THE PROGRAM BUT ARE

98 FOR CLARIFICATION OF THE DETAILS.

29 LINE 102 DEFINES A ROUND OFF FUNCTION FOR THE OUTPUT PRINTING
100DEFFNACX)=INT(1080+X+.5)/1000

110DIMR(23)5C(23),P(40),X(A0), S(SB),Y(58)

120 AFTER THE ABOVE DIMENSIONS ARE DEFINEDs THE FLOWMETER

121 CALIBRATICON DATA 1S READ AND STORED AS REY.NOe VS C-D.
138FORI=1T022

1 AQREADR(I)Y,CCI)

1SONEXT!

2AODATAJIEA, e 94585 AE4As 95215 5E49 <957, 6E4, 2605, TEA» « 9632

24SDATABE 4 ¢ 9£5659E45 26765 10FE 29694, 12E4, .9 722

258DATALISEA» < 9752,20E45,-9786,25E4, 981, 30E4, - 9828

260DATAABEA» : 9853, 50E45 9873, 63E4, « 9888, 79E4, « 9905
26SDATABOEA, - 99135+90E45.9923, 100E4, - 9931
278DATAI120E 4 « 9945, 150E4, - 9963

450 THE K(1) BELOW IS THE PRESSURE TRANSDUCER DATA. K4 AND KS

451 ARE (UNUSED) THERMISTOR CONSTANTS» R AND K ARE GAS CONSTANTS.
4352 THE DATA READ THUS FAR HAS NEVER BEEN CHAMNGED IN THE PROGRAM.
468 READ K(1),K(2),K(3)sKArKS5,RsX
ATBDATAB5701255¢52T71485,2:.05381,15,15,53:.351.4

$90 THE PERFORMANCE DATA IS NOW READ. THE VARIABLES ARE:

S81 D =DAY OF THE MONTH (1-31)

582 11= NO. OF RUNS

S83 G9 r BAROMETER, CORRECTED FOR TEMPERATURE

S04 R8,R9 = RUN NUMBERS

58S L1,P2,P1 = TRANSDUCER INDEX (1-3)s PO AT ORIFICE» P IN PLENWM
506 TIESE ARE REFERENCED TO ATMOSPHERE.

S07 L2,P0 = TRANSDUCER INDEX» STAGNATION PRES. AT DIFFUSER THROAT
S08 REFERENCED TO UPSTREAM PLENUM

S89 L3,P3 = TRANSDUCER INDEX, PRESSURE IN DOWNSTREAM PLENUM

S18 REFERINCED TO UPSTREAM PLENUM

312 L4a,D2 = TRANSDUCER INDEX, DIFFERENTIAL PRESSURE ACROSS NOZZLE
513 T0,T1 = TEMPERATURE IN UPSTREAM PLENUM, TEMPERATURE AT FLOW
S14 NOZZLE. NOTE~ BOTH ARE IDENTICAL FOR ALL TESTS RUN

$15% L5,S(1) = TRANSDUCER INDEX, MINIMUM THROAT PRESSURE REFERENCED
$16 TO UPSTREAM PLENUM

517 YC1) = LOCATION OF MINIMUM PRESSURE (NOT USED OR PRINTED)

6CO READ D»11,G?

6 ILETGI=GY%. 4913

S1SLETNS=}

619 THE PERFORMANCE 1S LALCULATED FROM HERE TO £490 FOR 11 RINS
620FORI 41 TO1 1

68 READ R8,RY
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TABLE IV - Continued

666 READ L1,P2,P1,L2,P8,LJ3,P3:L 4,02

676 READ TO,TI!

228 READ LS, SC1),YC(D)

801 THE PRESSURES ARE CONVERTED YO PSI.

818 LET SC1)=sK(LS)*S(1)

888 LET P23K(L1)*P2+GY

898 LET PiI=K(LI1)*P1+GY

9790 LET PO=P1-PO*K(L2)

1030 LET P32P1-P3IeK(LY)

1099 LET D2=D2eK(L 4)

1109 THE RUN NUMBERS, R8 AND RY ARE "DECOOED"
1160LETJI=INT(R8/10008)

11 T8LETJ2=INT((RB~-J1%10000)/108)
11B8OLETJ3I=INT(REB~J14108080~-J2+100)

1198LETJ4x INT(RY/10008)
1206LETJS=INT((R9-J4+102000)/108)
1210LETJ6=INT(RY~-J4+100808-I5+108)

1388 CONSTANTS K& = K/(i-K) ANE Ul = VISCOSITY OF AIR
1340LETK@=K/(1-K)
13SOLETUI=(T1/540)71.5%738/(T1+1928)2]1.034c-6

1355 FROM MERE TO 1470 CALCULATES THE ACTUAL MASS FLOW, W1
1368 LET R4=P2+144/(ReT])

1378 LET RS=1-D2/P2

1388 LET Rax(1.2515/4.826)1 4

1390LETY 1« SGR(RSt(2/K)*KP*(1-RS*(1/KB))I/(1-RSI*(1-RAY/(1-BaeRS*(2/K)))
1400 LET D22D2/.036817

1410 LET Wiz.099TeYi8(1.2515)12%SQR{R4*D2/(1-B4))
1428 LET R2=4#W1/(J3.1415925¢1.25150U1)

1 430LETRI=R2

1440 GOSUR2862

1430 LET R3=Ce*R2

1 452G05UB2862

1 454LETRI=C*R2

1 456GOSUB28 62

1 AS8LETRIsCeR2

1460 LET C8=C

1ATELETWI=CBeW]

1588 FROM MHERE TO 1728 CALCULATES MACH NO. IN THE “THROAT™
1581 THROAT IS IN QUOTES BECAUSE MY MAYRE » 1.
1528 LET S(1)=(P1-5(1)2/P8

1540 LET M70}

1590 LETHGEs)

1648 LET X7u|

1688 LEY MY=S(1)

F7ICLETMI= 1 /N7

1 T28LETM 7= SQRC20 (M3 {1~ /KX 1) /C(K~12)

o




TABLE IV - Continued

2401 CONVENIENT FORM
2493NEXTL 4

2491 IFINT(I1/72)=[1/2THEN24% 4
2492LETH2=q9-H2~ABS(N9-NT)
249360702495

249 ALETH2233~2%(H3+ABS(N7-N9))
2495F0R1=1TOH2

2496PRINT

249 INEXT!

249860SUR2870

2500FORI=1T04

2518PRINT

2520NEXTI

2530605UR2880

25SOPRINT

2560PRINT"
257@PRINT™
2S8APRINT
259@PRINT"I.
24508PRINT"
2610PRINT"
2620PRINT®
2630PRINT
2640PRINT"11.
26S5OPRINT"
266@PRINT"
S6TBPRINT"
268@PRINT"
2690PRINT”
2700PRINT

SUMMARY PAGE"

cececnes maoe’

DATA REDUCTION CONSTANTS™
1) PRESSURE TRANSDUCERSI"K(1)3K(2)3K(])
2) TEMPERATURE TRANSDUCERS:"K4sKS
3) BAROMETRIC PRESSURE ="(G%:"PSI - (X «4212)"

GEOMETRY"

1)
2)
K}
4)
5

DIFFUSER DQUBLE ANGLE ='J1

L.7w RATIO ="J2

ASPECT RATIO ="J3

BLOCKAGE LENGTH ="JS

AREA RATIO ="INTC(1000*(2¢TANCJI/114.6)%J2+1)+.5)/100

2T7T1@PRINT"III. SUMMARY TABLE OF REDUCED DATA"

2720PRINT
273060SUB28 70
2735PRINT”
2740PRINT"
27SSPRINT"
27S6PRINT™

RUN NO.S M M MACH NO. BLOCK Cc-P''3
REY NO™

276060SUB2870

2779PRINT

278¢FORI=1TOL
2T79BPRINTHCI)SICI)3GCI)3DCIBACIIIBC(IIIFCIISECT)

2B10PRINT
2820ONEXT!

283@FORI=1T036=-2%{ 1

T e e e e e ———
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TABLE IV - Continued

1725 FRO#M HERE TO 1868 SETS THE APPLICABLE GEOMETRIC
1726 THROAT AREA AND HYDRADLLIC DIAMETER

1730 IF J3=18 THEN 1800

1732 IFJI=2STHEN1750

1734 1FJ3=SOTHEN18S@
17S6LETAL=.233#.932-3.1415974%(.05)12
1760LETI832%A/(.233+.932)

1778 LET .13=2.5

1780G0T0O 1880 ,

(BOCLETAI=.377506

1810LETIB=28A1/(. 624+.624)

1830G0TG 16880

185PLETA1=.279%1.3935-3.141593/4%.0025
1866LETIB222A1/(.279+1.3935)

1878 FROM HERE TO 1894 CALCULATES THE ONE DIMENSIONAL
1471 MASS FLOW

1B88ALETJ9=SQR{ 321 748K/ {(R%xT9))

1885 LETJ3=J3/10
1B9OLETW=JI*PRO*MT/((1+(K=1)/28MT12) 1 {(K+1)/(23K~-2) ) %Al
18921 FM7<1 THEN] 200

1894LETW=.532*PA*A1/SOR(TO?

1892 B = THROAT BLOCKAGE

1900LETB=1-WIl/W

1965LETJ=1

1987 C! = PRESSURE RECOVERY

1918 LET Ci=(P3/P%~1/M3)/C1-1/M3)

1920 IF 1/M3>.528 THEN 1945

1925LETJ=2

1930 LET CI=(P3/P0-.528)/.472

1940 FROM HERE TO 2047 CALCULATES REY. NO. AND STORES
1941 THE DESIRED QUANTITIES AFTER FORMING INTERGER VALUES
194SLETACI A)=FNA(MT)

195OLETB(I4)=FNA(B)

1960LETG{I 4)=FNA(WI)

1980LETIS=TO/(1+(K-1)/2xM7¢2)
1990LETUI=(IS5/5407t1.5%738/(15+198)%1.B836E-6
2POOLETI 6=PO*) 447 (RETO*( 1+ (K=1)/2%MT7t2)1(1/(K=1)))
2B1BLETI TsM7T*SQR(K*R*32. 1 74*15)
2020LETHI=I6%1 7#18/() 44%U1)

202SLETECI A>=INTC(H1/1003+.5)*100¢
2630LETD(I A =FNA(W)

2042LETF(I4)=FNAICY)

2044L.ETH(14)2R8

2@47LETI(14)=R9

2400 FROM 2491 TO 2895 PRINTS THE OUTPUT IN
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TABLE IV - Continued

Z840PRINT

28SBNEXT!

2860G0SUB2870

286160T09999

2862 FOR I=1 70 22

2863 IF R3>R(I) THEN 2866

2864 LET M9=1-1

2865 LET [=22

2866 NEXT 1

2867 LET C=C(M®)+(C(MI+1)=-CIM9P)II*(R3I-R(MI)I)I/(R{MI+1)-R(M9))
2868 RETURN

L8 TAREM

2B7IPRINT "o on~ocecen=

23 74RETURN

2CUBPRINTAVIATION MATERIEL LABORATORIES FEBRUARY*'D3*' 1969
C8IPPRINT"DIFFUSER TESTS PAGE"NS
2892PRINT'"ROUNDED CORNER EXPERIMENTS"

2895RETURN

30009 FROM HERE TO 9999 IS THE DATA FOR A TYPICAL

3001 RUN. EIGHT LEVEL PAPER TAPES WERE MADE FOR ALL COF
3002 DATA. THESE ARE STORED AT CREARE.

999%END




Data Cross-Plotting

Except for the static pressure and traverse data taken through
the inlet and diffuser of the test section, all data appears
in the data output form shown in Figure 10. This computer
output data hawehbeen further treated by graphing and cross-

t t
are made from the output data. It is at this point
that the data are checked to see that it is
reasonable and ithat no obvious experimental errors
exist.

a4
‘ plotting in the following manner:
‘g (1) Plots of pressure recovery C, vs. throat Mach number
§ “ M, and throat blockage B vs. throat Mach number M

t o
0.4, 0.6, 0.8, 1.0, and 1.2 are recorded on data TN
tables from the Cp vs. Mt graphs. Blockage B at the o
same throat Mach numbers are also recorded f£rom the ‘
B vs. M, plots for all data.

(2) Pressure recovery values Cp at Mach number M, = 0.2,

(3) Cro.s-plot curves of pressure recovery Cp vs. throat
blockage B are made from the foregoing tabulation of
data. From the C. vs. B curves, C_ values are read

off and tabulated for blockage factcrs B = 0.02, 0.04,
0.06, 0.08, 0.10, and 0.12. This tabulation

provides values of pressure recovery C_ as a function
of throat blockage B and throat Mach nugber M, for a

given geometry.

1 (4) The Cp vs. M,, B tabulation provides data for cross-+

tl
plots of pressure recovery Cp vs. length-to-width ratio
L/Wl and pressure recovery Cp vs. double divergence

angle 28 for fixed values of Mach number and for
fixed values of constant 26 and L/W; respectively.
" These Cp vs. L/W1 and Cp vs. 26 plots show a series

of curves for different values of throat blockage B. o

i
i
i
;
h}
4
1
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(5) The Cp vs. L/Wl and Cp vs. 20 plots for fixed

aspect ratio AS, blockage B, and Mach number Mt are

used to prepare performance maps showing contours of
constant pressure recovery Cp as a function of diffu-

ser geometry. Each of these contour plots thus has
fixed values of throat Mach number Mt, throat

blockage B, diffuser aspect ratio AS, and throat
Reynolds number RD'
(6) For each diffuser geometry at a given inlet Mach
number M., 2 fixed value of ideal pressure recovery
¢ exists. From the tabulated data giving Cp as a
i

function of B and M , values of effectiveness € =

tl
Cp/cp are tabulated. From the data, plots of
i
effectiveness € vs. throat Mach number M, are made.

t
These ¢ vs. Mt plots are prepared for fixed diffuser

geometry and show curves for values of blockage o8 =
0.02, 0.04, 0.06, 0.08, 0.10, and 0.12.

(7) All other plots of data such as static pressure
distribution curves through the test section,
curves of stagnation pressure distribution, etc.,
have been made directly from the "raw" data.

3.7 EXPERIMENTAL ACCURACY

An important factor in the design of the experiments has been
to maintain a low level of experimental uncertainty in the
final derived diffuser performance parameters. The derived
quantities of interest are the static pressure recovery Cp.

throat blockage B, throat Mach number Mt

number R_, and the parameters describing the diffuser geometry
- aspecg ratio AS, throat length-to-width ratio L/Wl, and

total divergence angle 28.

» inlet Reynolds

The level of uncertainty must be defined for all of the data
acourulated under the present studies. To do this, it is
necessary to define the level of uncertainty in each of the
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primary quantities that are used to evaluate the derived
quantities. It is also necessary to describe the manner in
which the uncertainties in the primary measurements determine
the final uncertainty in the derived quantities.

Following the analysis of Kline and McClintock (1953), practi-
cally all experiments conducted in these studies can be
described as "single sample” experiments and analyzed by the
techniques presented in their paper.* We will, however, use

a statistical analysis of the throat blockage data in order to
evaluate an appropriate mean value to be used in cross-plotting,
although the level of uncertainty in the blockage data itself
is still assumed to be given by analysis appropriate to the
single sample type experiment.

Definition of Uncertainty

We assume that we can evaluate and prescribe the level of
uncertainty in all of the primary quantities which have been
used in the data analysis. This assumes that all fixed errors
are known and have been eliminated; the only errors remaining
are those due to random errors.

Random errors represent "noise". The source of this "noise"

is usually operator error or physical errors due to thermul
effects, friction, response time, etc. These errors appear in
the final results as scatter in the data. If these errors

are truly randomly distributed, a 20-to-l odds interval (the
odds interval represents the experimenter's level of certainty
that the uncertainty in the quantity under consideration is as
prescribed) is equal to twice the standard deviation 2¢.

Kline and McClintock (1953) have shown that this same criterion

is applicable when the form of the distribution of the errors
is not known.

Let A = a quantity to be calculated from a group of Xi primary
qguantities that are obtained as measurements. It can be

*The reason is that, though there are a number of observa-
tions for each type of data, the number of observations is

not necessarily "statistically significant". Pearson (1902)
showed that in some cases observations by a single observer
(even based on samples of 20 or 30 readings) could have a mean
value significantly different from the true mean value.
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proven rigorously that if the quantity A is linear in each Xy
and all the xl s are independent, the uncertainty in the
result A is given precisely by the expression

oa = (R ) ‘ax )% w12
. A

if the xi's are normally distributed.

We can normalize the above equation by dividing through by A.
We then have

AX. 2 X
MDA _ A T 72
A [(A ax X ) o+ (A

AX. 2 1/2

)
—2y 4] (18)
1 X, X

Q/
>

o/

Kline and McClintock (1953), in investigating distributions
other than the normal distribution, concluded that the above
expression, Equation 18, gives very reasonable results when
other than normal distributions of random errors exist. Kline
and McClintock concluded that the inaccuracies due to using
Equation 18 for other than a normal distribution are much
smaller than the usual inaccuracies that occur in assigning
uncertainty values to the primary physical quantities.

Uncertainty in Pressure Recovery

From the definitions of each of the derived quantities, the
uncertainty in each quantity can be derived based on the
uncertainties in the primary measurements that have been made.

The pressure recovery cp is defined as

c = pe_pt - (po-pt) _ (po-pe) -
P Py Pt (p,-P,) - (po—pot)

A-B
AC (19)

where A

Po~P¢

Py-Pe
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2
Since A "p_ ,A-C 1 T 1
cp dA Wy [ (¢! - (A-B) ywel ]A
aC
B _p_ ,A-C 1 _
cp 3B as) G- B
oC 2
c__p_ AC 1
c, Sc - Gp) @-B) (335 (¢€)
then
AC 2 2
—Py ! A - A LA
(=) =GR -G R
P
. A5 2 . o 2 1/2
Gy O+ G G

Throat Blockage Uncertainty

The throat blockage B is defined as

mm mi—m
B=1-—1=—2>0
m. m,
i i
where m = mass flow
m measured
mi = mass flowideal
Since &BB o (_.]:._)2 (ml -
B m m._-m i
b8 1 X m
"m3B_ _ 1 (-'_"}_,)m
B m m m,-m m
m by m
2 1/2
then B m 1 Am Am . 2 /
E T { G B G B
B m. R m
i m i
89

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)
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Uncertainty in Ideal Mass Flow Rate

The ideal mass flow rate is defined by the equation

o t M
kOt t
mi = RJT_O‘ { K+1 ] (28)
t 2(k-1)
k-1 2
(1 + > Mt }
where P, =P, - (PO-PO ) = p, - €
t t
Thus 2 2 2
g Yo Foy & == £ . (9—251 (29)
ni po po P : t
2 2 1/2
1 AT 2 (1 - Mt ) &M
+ F; T 1+ k-1 2 ( " )] (30)
(1 + 2 M ) t

Uncertainty in Actual Mass Flow Rate

The actual mass flow rate is determined from the flowmeter
calibration by the following equation:

P 1/2
m =<, 7 Ap ] (31)
r
where CD = orifice coefficient
Por™ orifice upstream static pressure
Tor = orifice upstream temperature
Apor = pressure drop acrcss orifice
1/2
Thus  4&m AC. 2 Ap 2 AA 2 AT 2
Thooo=yt, 2 Des, 1T0n (L oy,
m C 2 2 Ap 2T -
m D or or

Uncertainty in Throat Mach Number

The Mach number is calculated from the throat total pressure
and the throat static pressure. The uncertainty in Mach
number is given by
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- o g s o ¢

o (1-1/k)
M °, Alp, /py)
b =3 L3 (33)
t kM Py p_/p

t o/ "t

Uncertainty in Throat Total Pressure to Static Pressure Ratio

The throat total pressure to static pressure ratio can be
written

P, P, - (po-po )

t t

=5 - (pp) P -A (34)
P, P, P, ~P, P,

P,-C

Thus Alp_  /p,) 2 2
e —e. - ° ] (Ap°) + [(=—) (55
pot/pt P,-C P -A P, p,C €

2 1/2
Ay LA
L ) } (35)

3.8 EVALUATION OF EXPERIMENTAL UNCERTAINTY FOR TYPICAL CASES

Using the equations derived in the preceding section, the
uncertainty in blockage and in pressure recovery coetficient
has been evaluated usirg the best estimates of the uncertainty
in the primary quantities. Most of these uncertainty

estimates are based upon the calibration data discussed in
Section 3.3.

Table V provides a listing of the uncerxtainty in Cp. B, and
Mt for selected values of aspect ratio, inlet length, and

Mach number.

3.9 SPECJAL TREATMENT OF BLOCKAGE DATA

Eecause the pressure recovery coefficient C_, is a strong
function of throat inlet blockage, it is extremely important
that “he magnitude of the throat inlet blcockaje for each test
be known as accurately °~s5 possible. As can be seen from
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Table V, the uncertainty in the blockage factor B (particularly

at low Mach numbers and at low values of blockage factor B) is

guite large. The most severe difficulty with blockage

uncertainty is found in the aspect ratio AS = 0.25 data, since

the throat geometric area is the smallest of the three aspect

ratios studied. It is difficult to make meaningful cross-

plots unless the uncertainty in the blockage factor B is ]
reduced.

Blockage, however, is a very strong function of inlet channel

length and a very weak function of downstream diffuser geometry. v
Although the diffuser tests should properly be treated as

single sample experiments, if all diffuser tests having the _
same inlet lengths and same aspect ratioc are treated as ; i
producing the equivalent values of throat blockage B, enough ' 5
dataare available to attempt a statistical analysis. This has
been done for all blockage data by evaluating the mean blockage
factor for each inlet length (for fixed aspect ratio) and by
evaluating the standard deviation of the blockage data around
this mean. Because our estimate of experimental uncertainty
(based on 20 to 1 odds) is equivalent to twice the stiandard
deviation, we have a statistical evalvation of our estimate of
experimental uncertainty. Our estimate and the statistical
evaluation have been found to agree.

In data reduction and cross-plotting beyond the "raw" data ‘
form presented in the pressure recovery Cp vs. Mt and B vs. ;

M, plots, the statistically evaluated mean value of the
blockage factor B for each pressure, diffuser aspect ratio,
inlet length. and Mach number Mt has been used.
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4.0 TEST RESULTS

This section contains the experimental results from the
measurement of pressure recovery performance. Results are
given for each of the three aspect ratio diffuser geometries
and for each of the subprograms carried out on this

contract. These subprograms have studied the effect of throat
inlet Reynolds number, boundary layer shape factcr, asymmetric
throat blockage distribution, and the influence of rounding

the throat corners of some selected diffuser geometries.

Before presenting these results, several factors which

bear upon the results obtained will be discussed. These
factors relate to the evaluation of throat stagnation pressure
and the level of throat static pressure fluctuations.

Early in the experimental prooram, experiments were made to
verify that the core flow stagnation pressure at the throat
inlet was the same as the upstream stagnation pressure. It was
assumed that the developing flow in the inlet maintains a
potential nonviscous core flow through the inlet passage. 1In
performing these measurements, two disturbing effects were
encountered. Both were of principal concern to the measurement
of diffuser performance.

The first effect was an indicated throat stagnation pressure
drop between the approach plenum chamber and the throat. This
indicated that stagnation pressure loss was small and almost
negligible for the shorter inlet length geometries. However,
the indicated loss became appreciable for the longer throat in-
let lengths required to obtain high values of throat blockage.
The throat stagnation pressure enters into the calculation of
both the diffuser pressure recovery coefficient C_ and the
throat blockage B.

The second disturbing effect was the presence of rather large
static pressure fluctuations at the diffuser throat location.
The appearance of these large pressure fluctuations at the
diffuser throat caused concern on two accounts: (1) they
might be the cause of the indicated stagnation pressure loss
because of a nonlinear amplification of the probe stagnation
pressure signal at the diffuser throat.and (2) the high level
of static pressure fluctuations might produce a pronounced
effect upon the static pressure recovery of the diffuser
configurations.
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The stagnation pressure measurements will be discussed first.

4.1 THROAT STAGNATION PRESSURE

The propagation of experimental uncertainty into each of the
derived quantities Cp and B due to propagation of an uncertainty
in each of the primary basic quantities, such as throat
stagnation pressure P, has been discussed in Section 3.0.

t
A major effort was expended early in the research program to
determine the magnitude and cause of the indicated inlet
stagnation pressure loss over the range of inlet conditions to
be used and to discover the reasons why this loss occurred.

At aspect ratio = 0.25 measuremerts were made of stagnation
pressure loss over the complete set of inlet geometries for both
the favorable and the adverse pressure gradients. 1In all of
these preliminary studies, the diffuser throat (the start of

the diverging portion of the diffuser test block) was located

a constant distance downstream of the location of the boundary
layer trip slot. The geometry for these studies and their
relation to the inlet of the test section and the transition

slot are shown in FPigure 19.

Our concern with the data from stagnation pressure loss
measuremente was that,although the measurements themselves
qualitatively followed trends logically expected from boundary
layer behavior in the inlet section, the actual magnitude of
stagnation pressure loss was larger than expected. The re-ults
of these measurements are shown in Figure 20.

If the boundary layers on the walls of the inlet mergéaupstream
of the diffuser throat, a stagnation pressure loss will occur
in the center of the inlet channel. This loss is a result of
viscous mixing in the merged outer portions of the turbulent
boundary layer. A low-unit Reynolds number and a long length

will promote a thick boundary layer growth.

For the case of zero inlet length (see Figure 19 where the
inlet sine blocks are immediately adjacent to the diffuser
blocks), the boundary layer will be thick in the low-velocity
portion of the inlet (upstream of the sine blocks), since the
boundary layer here has a low velocity (low unit Reynolds
number) and a long length in which to grow. However, if
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boundary layer merger occurs ahead aof the sine blocks, the
stagnation pressure loss in the cenmter of the channel in
this region should be small, since mixing occurs under low
dynamic head conditions (i.e., under the low velocity present
in the relatiwvely large cross sectiom of the inlet channel).

By increasing the length aof the inlet betweer: the sine blocks
and the diffuser blocks, an increase in stagnation pressure
loss, if boundary layer merger cccurs, may bhe expected. For
example, if we take the 9" inlet section geometry of Figure
19, the length of the low-velocity region far boundary layer
growth is considerably shortened,and the iow-velocity
boundary layer does mot have sufficient length im which to grow
and meet in the centerline of the inlet chamnel: instead, the
low-velocity flow is immediately accelerated to a high velocity
downstream as the flow passes through the sine blocks. Now
the boundary layer can grow and werge in the center of the
channel within the 9-1/2" of narrow inlet length. Because
the boundary layer is growing under high-welocity conditions
over most of the inlet wall length (compared to the low-
velocity boundary layer growth in the case of the zero-inlet-
length geometry), the point where the boundary layers merge in
the center of the channel can be expected to be farther
downstream than was the case for the zero-inlet-length
geometry. When boundary layer merger does occur, however, the
stagnation pressure loss in the center of the channel will be
significantly higher per unit length in the flow direction
because of the much higher dynamic pressure associated with
the mixing process occurring along the channel centerline.

In summary, based on the above qualitative arguments, it is

not unreasonable to expect a stagnation pressure loss at the
centerline location at the throat. For a fixed thr- .t Macn
number, this loss is expected to be higher, the longer the
length of inlet between the sine blocks and the diffuser blocks,
because of more vigorous mixing once boundary layer merger does
cccur. The measurements of Figure 20 qualitatively confirm
these arguments.

In experiments where the upstream plenum stagnation pressure
is low (20 psia compared to 60 psia), the unit length Reynolds
number in the inlets will be lower than for corresponding
geometries with the high plenum stagnation pressure; for the
20 psia data,the boundary layer growth can be expected to be
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more rapid. For identical inlet geometries and throat Mach
number, the boundary layers for the 2" psia data will merge
sooner and have a higher stagnation pressure loss in the inlet
compared to the 60 psia data. As can be seen from Figures

20 and 21, this is what is qualitatively observed to occur.

Although a very detailed analysis of the developing inlet flow
was not attempted, boundary layer calculations for the various
inlet geometries were made. Figure 22 illustrates the results
of boundary layer calculations using compressible boundary
layer theory for the 6" inlet geometry at 60 psia upstream
stagnation pressure conditions and a throat Mach number = 1.0.
The calculation is an iterative process since the freestream
conditions through the inlet channel are dependent on the

boundary layer growth. These calculations are not assumed to be

exact since there are many assumptions in the analysis which
do not hold true in the inlet flow. The calculation neglects
actual effects such as stream convergence, corner effects in
the inlet channel, three-dimensional boundary layer behavior,
etc., as well as the inherent inaccuracy of the basic two-
dimensional boundary layer prediction method. Nevertheless,
the calculations probably give a reasonable approximation to
the boundary layer development. Note that the accelerating
flow through the sine blocks produces an extreme thinning of
the boundary layer and a virtually new development of the flow
through the straight inlet block section of the channel. These
calculations have also been made for other throat Mach numbers.

The bout.dary layer calculations show that for the aspect
ratio = 0.25 geometries of Figure 19, boundary layer merger
probably occurs in the inlets only for the 9" inlet lenath.
Figure 20 for the 60 psia data szhows the stagnation pressure
loss estimated for an equivalent fully developed channel flow
for the calculated merged portion of the 9" inlet boundary
layers. The observed centerline stagnation pressure loss
appears to be too high relative to this equivalent fully
developed flow stagnation pressure loss.

A number of additional experiments were undertaken to attempt
to determine if the measured stagnation pressure losses were
indeed correct.

A traverse stagnation pressure survey was made to measure the

magnitude of stagnation pressure loss as a function of axial
distance through the inlet. Such measurements should provide
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an indication of the point of boundary layer merger and the
amount of stagnation pressure loss after such merger occurred.
These experiments involved a change in the diffuser geometry
to establish conditions where boundary layer merger should
definitely not occur. This was accomplished by changing the
aspect ratio of the diffuser to AS = 1.0. For the aspect
ratio = 1.0 geometry, the boundary layers in the inlet should
not merg: in the center of the passage, and the stagnation
pressure loss between the upstream plenum and the throat
should be zero.

The stagnation pressure distribution measurements were made
with a traverse stagnation tube. A drawing of the tube
geometry is given in Figure 1l4. Contrary to the expected
inlet flow behavior, these measuremants showed a measurable
loss starting ahead of the sire blocks,whereas the boundary
layer predictions indicated no merger of the boundary layers
in the inlet.

These peculiar results of the aspect ratio = 1.0 data led to
the conclusion that other effects are probably producing an
indicated stagnation pressure loss. It was suspected that

such losses might be associated with secondary flow and a
resulting eddy mixing in the center of the channel. 2 square
channel geometry of the type under study here is quite prone to
producing secondary flow effects in the channel corners. If
the boundary layver flow in the corners or al-ng one of the
sidewalls is caused to be moved into the center uf the flow,
this low velocity, stagnation-pressure-deficient fluid could
impact on the stagnation pressure measuring probe and
"indicate" a stagnation pressure loss in the core flow along the
channel centerline.

Experiments to measure the stagnation pressure loss under
conditions in which the inlet geometry was significantly
altered from the previous geometries were made. While running
the 3" inlet block geometry, the diffuser blocks were moved
upstream of their previous location. This alteration in
geometry is shown in Figure 23. The effect is to move the
location of the diffuser throat soc that the boundary layer in
the inlet has a much shorter development length. This geometry
change should show no boundarv layer merger and hence no
stagnation pressure loss. The stagnation pressure measurements
did, however, indicate a loss in stagnation pressure. In
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particular, the measurements of throat stagnation pressure for
the upstream location of the diffuser throat show a higher
stagnation pressure loss than those for the downstream thrcat
location, This is contradictory to trends in stagnation
pressure loss expected from a consideration of possible
boundary layer merger effects. The results strengthened the
suspicion that secondary flow was responsible for tue indicated
stagnation pressure loss since the upstream throat location could
measure low stagnation pressure fluid dumped into the core flow
while downstream throat stagnation pressure measurements could
measure a mixed-out and hence higher stagnation pressure.

At this point, it was felt that the possibility could not be
overlooked that static pressure fluctuations at the throat
could be producing erroneous readings of the total pressure
probes even though pressure fluctuatiors in the upstream plenum
had been reduced to a low lewvel.

4.2 THROAT STATIC PRESSURE FLUCTUATIONS3

Prior to the stagnation pressure loss measurements, considerable
effort had been devoted to reducing the level of pressure
fluctuations existing in the test lcop. Particular effort had
been given to reducing pressure fluctuations in the upstream
plenum ahead of the test section.

The original test+ loop cunfiguratiow, in which no accustic
damping was provided, had produced static pressure fluctuations
of +1 psi in the upstream plenum chamber at the <0 psia
stagnation pressure conditions. These pressure fluctuation
measurements were made with a dynamic pressure transducer
capable of resolving the pressure fluctuations over the comple“e
range of frequencies and amplitudes of interest.

Because such levels of pressure fluctuation might affeci the
accuracy of measurements in the test section and of the pressure
differential measured across the flcwmeter nozzle, steps were
taken to damp these fluctuations. Helmholtz branch resonators
and acoustic filtering were installed in the piping test loop.
This reduced the amplitude of pressure fluctuations by
approximately a factor of 30 from +1 psi to approximately

+.03 psi. It was anticipated tlat this low level of pressure
fluctuations would cause iittie problesn i.» static pressure
readings and flow rate measurements.




To check the test section conditions, a high-response pressure
transducer was mounted at the throat location. A 1/4" hole
was drilled through the test section's top plate at the
location of the diffusexr throat for the throat geometry of
Figure 23. The transducer was sealed into the top plate with
the transducer element mounted flush with the inner surface,
2s shown in Figure 24.

Measurements with this transducer showed large static

pressure fluctuations. Figure 25 shows oscilloscope recordings
of the transducer output at the throat near choke conditions
and also the same type of recording at the upstream and down-
stream plenum chambers. Some throat fluctuations as large as
3.5 psi peak to peak are present at a throat Mach number 0.93
compared to tlie average peak-to-peak fluctuation in the
upstream plenum of approximately 0.03 psi. Such large pressure
fluctuations enforced the suspicion that perhaps a nonlinear
response of the total pressure probe to these fluctuations
might be responsible for the stagnation pressure loss irdicated
at the throat. More importantly, however, the measurement of
such large fluctuations in static pressure at the throat
caused considerable concern as to their influence on the
pressure recovery performance of the diffuser geometries. The
large throat static pressure fluctuations might by themselves
produce a basic change in the fluid dynamic behavior of the
diffuser and hence be an important factor in correlating
diffuser static pressure recovary. It was felt necessary to
pursue additional experiments to determine the influence of

the amplitude of the static pressure fluctuations at the

throat on both the measured throat stagnation pressure and the
diffuser pressure recovery.

To verify that the throat pressure fluctuations were not
produced by oscillations of the traverse tube, measurements
were repeated with the traverse tube removed. In spite of

the removal of the traverse probe, the pressure fluctuations
still existed at the throat. It was observed, however, that
when the flow choked in the throat of the diffuser, i.e., so that
supersonic flow was present downstream cf the throat, the level
of pressure fluctuations was reduced an order cf magnitude
below those at a slightly lower Mach number. It appeared that
the establishment of supersonic flow in the diffuser throat
either was blocking propagation cf pressure disturbances from
_he downstreaa plenun or was significantly altering any
resonance conditions that might be established in the diffuser
geometry.
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Figure 25. Pressure Fluctuation Measurements in
Test Section. Mach Number = 1.0.
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A predominant fregquency is obmerved in all the oscilloscope
traces. This is abput 280 cycles per second, corresponding to
the fundamental frequency of pressure fluctuation emanating
fror: the screw-type compressors.

Experiments were run with the downstream piping decoupled

from the flow loop, thereby exhausting the test section
directly to atmospheric pressure through the plenum pipe. If
a standing wave were produced in the downstream plenum pipe,
opening the end of the downstream plenum to atmaspheric
pressure would eliminate the resonance condition ar change the
frequency for which a resocnance condition eould oecur.
Previcus to these tests, all attempts at reducing fluctmations
in the downstream plenum by muffling the downstream pressure
piping system with acoustic damping, using Helmholtz beaxch
resonataors, and putting acoustic baffles in the pleomnm bhad
produced little reduction in the amplitude of fluctuations and
no change in the predominant frequency.

With the back flange plate of the downstream plensom chamber
removed, the upstream stagnation pressure depended upon the
Mach number at the throat since the dowmstream control valving
could not now be used. Plow control through the diffuser test
section was obtained by adjusting the upstream gate valve and

the bhypass valves between the compressor and the diffuser test
section.

Comparison tests were run at the same upstream stagnation
pressure with the system in both a closed and open configura-
tion. No significant change was observed in the level of
throat pressure fluctuations with the system in either the
open or closed configquration.

Pressure measurements were made with the transducer

traversed throughout the downstream plenum tc insure that the
plenum was still not producing a resonant condition even though
the downscream end of the plenum was open to atmospheric
pressure. Surveys of the entire downstream plenum with the
transducer showed that the level of pressure fluctuations was
virtually indistinguishable from the noise level of the
transducer. This was true whether the transducer was located
at the end of the downstream plenum or vwas held directly in the
separated region underneath the jet issuing from the test
section.
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The experimerts showed that there was little if any effect of
the downstream piping system on the level of oscillations in
pressure observed within the test section.

After much experimentation, a means was finally found to reduce
the level of fluctuations at the throat. This was accompiished
by installing a perforated metal screen (1/16" thick steel
sheet with 1/4" diameter holes) over the exit slot of the test
section. The screen was quite effective in reducing the level
of fluctuations. Comparative measurements of the throat
pressure fluctuations at a Mach number My = 0.8 with and

without perforated metal "screen" in place are shown in Figure
26. The amplitude of pressure fluctuations is reduced by
approximately a factor of 3.5 with the screen in place for
otherwise identical flow conditions.

Comparative tests were then undertaken to determine the effect
of the reduction in amplitude of pressure fluctuations at the
throat on diffuser performance and throat stagnation pressure.

Figure 27 shows comparative measurements of stagnation pressure
drop between the upstream plenum and the diffuser throat;
Figure 28 gives comparative data for throat blockage B and
pressure recovery Cp for a diffuser geometry of 26 = 8°, L/wl =

12, AS = 0.25,with upstream stagrn-tion pressure of 60 psia.

Although there is some indication in Figure 27 that the
stagnation pressure loss is altered slightly with the reduction
in static pressure fluctuations at the throat (screen in place),
this change is very small and lies within the uncertainty in
mea2suring the stagnation pressure loss.

From Figure 28, it is strikingly evident that both fiow blockage
and pressure recovery do rot change with the quite substantial
reduction in throat static pressure fluctuations.

Several other tests wereperformed to try to locate the source
of throat pressure fluctuations and to determine the effect of
diffuser geometry on the measured total pressure drop at the
throat.

The placement of the "screen” over the downstream test section
exit slot, which partially blocked the flow into the downstream
plenum, could be expected to alter separation effects that
would otherwise occur at the slot exit without the screen in
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a. CLOSED SYSTEM - THROAT Mt =z 0.8

WITH PERFORATED PLATE IN PLENUM ENTRANCE
v-Scale 10 Millisec/c™ p-Scale 0.29 psi/cm

b. CLOSED SYSTEM - THROAT Mt % 0.8
T-Scale 10 Millisec/cm T-Scale 0.58 psi/cm

OSCILLOGRAPHS OF PRESSURE FLUCTUATIONS MEASURED
WITH PRESSURE TRANSDUCER Po = 60 psia

Figqure 26. Pressure Fluctuation Measurements

With and Without Pressure Damping
Screen.
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place. However., blockage from the perforated screen was also
expected to influence the flow downstream of the diffuser exit
before the flow exited into the plenum; thus the nature of the
separation in the diffuser exit corners might be altered. It
was felt that the pressure oscillations at the throat might be
the result of periodic shedding phenomena at the sudden
expansion steps in the diffuser geometry at the diffuser exit.
Possibly, other sources could promote shedding within the
diffuser itself or as the flow jets into the downstream plenum.

A separate check on the influence of separation in the down-
stream corner regions of the test section geometry was made
with "filler blocks" inserted downstream of the diffuser exit.
These blocks extend the diffuser exit area to the plenum exit
slot. A sketch of this geometry is shown in Figure 29. With
the filler blocks in place, the level of pressure fluctuations
was reduced, although not as much as by the use of the
perforated metal "screen". Again, however, measurements of the
throat total pressure loss were unchanged. Pressure recovery
performance was not measured.

To check the influence of separated flow in the diffuser
itself, a diffuser geometry with divergence angle 26 = 4° was
tested. Such a small divergence angle would not cause
geparatior within the diffuser. Again, the throat static
pressure fluctuations were reduced, but little change was
observed in the stagnation pressure drop measurements.

However, these series of experiments did show that there was
a pronounced upstream effect of diffuser geometry on diffuser
inlet flow. 1In Figure 27, only changes in diffuser geometry,
not inlet geometry, differentiate the curves; each curve has
the same inlet configuration.

4.3 SUMMARY OF THROAT PRESSURE FLUCTUATION AND STAGNATION
PRESSURE MEASUREMENTS

In summary, the stagnation pressure loss measurements show:

(1) The downstream diffuser geometry affects stagnation
pressure loss for a fixed upstream configuration,

(2) The upstream inlet geometry affects stagnation
pressure loss in a manner not always explained by
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simple arguments about inlet boundary layer merger,

(3) The indicated stagnation pressure losses are larger
for the aspect ratio = 0.25 geometry than for the
aspect ratio = 1.0 geometry.

It appears that whatever the mechanism causing an indicated
throat stagnation pressure loss, it is a complicated situation
and not easily explained,even by the rather extensive set of
experiments that were undertaken. The most likely explanation
appears to be secondary flow shedding of total pressure defi-
cient fluid from the wall regions into the core flow upstream of
the diffuser throat. If stagnation-pressure-deficient fluid is
in the core flow at the throat, it is there because of houndary
layer behavior on the sidewalls and not because of a stagnation
pressure loss in the core flow. For purpcses of correlating
diffuser behavior, it does not seem appropriate to treat low-
stagnation-pressure fluid introducei into the core fiow by
possible secondary flow motions as representative of a decrease
in inlet stagnatiorn pressure of the "core" flow. If stagnation-
pressure-deficient fluid is put into the core fiow, it comes
from the wall regions,and its effect should be zorralated
through the throat inlet blockage B.

The diffuser recovery data indicate that the stagnation

pressure loss should not be treated as a "core" stagnation
oressure loss. Sets of data lLave Leen recuced to caiculate
pressure recovery Cp ard throat blockage B with and without

using the indicated stagnation pressure loss between the plenum
and throat shown in Figure 20. The reduction of a large

amount of such data has clearly indiceated that a consistent
variation in pressure recovery and throat blockage witbh trroat
Mach number M, is obtained when no stagnation pressure loss is
assumed. When the indicated stagnation pressure lecse is
included to correct the throat stagnation pressure, the varia-
tions in Cp and B with M produce a much greater scatter

and inconsistency in the trends of the data. An example of the
change in pressure recovery is shown in Figure 30.

The relatively large amplitude pressure fluctuations in the
diffuser do not affect the basic fluid dynamic performance,
at least when reduced by a factor of 3.5, as far as the
pressure recoverv is concerned. While it may not be safe to
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conclude that the same results will held for all geometries
studied, it is difficult to see why these results should differ
for geometries other than the 20 = 8° tested.

The source of the throat pressure fluctuations is not known,
It is suspected that the fluctuations arise either from a
fluid dynamic shedding phenomena within the diffuser geometry
itself or by amplification of pressure fluctuations present in
the test loop and originsting in the test loop compressors.
The second cause appears to be more likely, since the primary
frequency of throat fluctuations is the same as that
originating from the wind tunnel compressors.

The pressure fluctuation phenomenon observed in these
experiments has not been extensively reported in the literature,
although similar conditions have probably existed in many
experiments, The only analogous situation of which we are
aware is in the measurement of £flow rate in gas pipeline
systems., Here a restriction in the pipeline flow area, for
>:xample, a flow measurement orifice, can apparently cause an
acoustical impedance mismatch between the upstream and down-
stream elements of the piping system., It has been reported in
the literature [see Sparks (1961)] that this has led to a
severe resonance in pressure fluctuations at the orifice meter;
only a very small change in the level and nature of' the
velocity fluctuations in the upstream piping system caused an
extremely large increase in the indicated pressure differential
across the orifice meter., wnven an indication of reversed flow
in piping systems has been obtained when reversed flow has been
known not to occur. Even more striking effects have been
observed in metering sections in blocked branches of gas
pipelines; an indication of through flow has been recorded when
obviously no flow could exist in the blocked branch line,

It is interesting to conjecture what happens in an actual
centrifugal compressor channel diffuser when large pressure
fluctuations exist upstream of the diffuser geometry at a
frequency caused by the blade-to-blade pressure oscillations
produced by the rotating impeller wheel.

4.4 BASE DATA

The diffuser pressure recovery C_ and throat blockage B have
been measured for three aspect rgtios over the range of
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subsonic inlet Mach numbers for a fixed value of upstream
stagnation pressure, These data will be referred to as the
"base" data,

Range of Parameters

The range of parameters covered in these studies are:

AS = throat aspect ratio = 0.25, 1.0, and 5.0
L/W1 length~to-throat width ratio = between 7 and 18

20 = double divergence angle = B8 to 16°
B = boundary layer blockage at throat = between 0.02
and 0.12 (approximately)
M_ = throat Mach number = low subsonic to superchoking

n, = throat Reynolds nurber - 106 (throat stagnation
pressure = 60 psia)

The experiments to obtain these data have involved more than
2,000 tests. Specifications of the test conditions for these
base data studies have been given in Table I.

"Raw" Data and Cross-Plotted Data

The data obtained directly from the tests (after data
reduction) will be termed the "raw" data. These data have been
plotted in the form of pressure recovery C_ and throat inlet
blockage B as a function of throat inlet Mgch number M_ for
fixed diffuser geometries. Selected examples for the three
aspect ratio geometries are shown in Figures 31 through 36.

In the case of the throat blockage data, a mean value for the
data has been obtained by statistical analysis, For the

pressure recovery data, the lines have been drawn through the
experimental points.

From this "raw" data, a wide variety of cross-plots are
possible. Thc base data have been cross-plotted for all
geometries in the following form:

(1) Pressure recovery cp vs. throat blockage B, In this
case, throat Mach number Mt is a parameter.
(2) Pressure recovery cp vs, divergence angle 206, Throat

blockage B is treated as a variable.
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M
Figure 31. Blockage Versus Mach Number.

Aspect Ratio = 0.25.
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20= 10° LMW= 10 AS= 0.25
Date Blockage Rey. No.
@ M=l @ M=1
® 5/6/68 .024 588,000
8 57/3/68 .078 588,000
® 5/4/68 .115 588,000
1.0l= Base Data
|- |
.8 |
I
|
L4 7 O/<>/O’_'_-<
.6 1 &
.5 <>/(1 ! )
.4
]
1
.2
1
1 | | |
0 .2 .4 .6 .8 1.0 1.2 1.4
M
Figure 32. Pressure Recovery Versus Mach

Number. Aspect Ratio = 0.25.
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Aspect Ratio = 1.0.
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Figure 33. Blockage Versus Mach Number.
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26= 10° L/W= 10 AS= 1
Date Blockage Rey. Nc.
@ M=1 @ M=l
. © 5/23/68 0.011 958,000
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Fiqure 34. Pressure Recovery Versus Mach B
Number. Aspect Ratio = 1.0. .
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Figure 35. Blockage Versus Mach Number.
Aspect Ratio = 5.0.
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Figure 36. Pressure Recovery Versus Mach Number.

Aspect Ratio = 5.0.




(3) Pressure recovery Cp vs. length~to-width ratio L/Wl.
Throat bleckage B is treated as a variable.

Selected examples of this form of cross-plotting for the three
aspect ratios are presented in Figures 37 through 46. From
these forms of presentation of the data, the final performance

maps and other cross-plots of use to the designer have been
made,

Only selected examples of the cross-plotted and "raw" data are
shown in the main text.

Diffuser Performance Maps

Perhaps the most useful presentation of data is in terms of
diffuser performance maps such as those given by Reneau et al
(1964), shon in Tigure 2.

For these performance maps, diffuser pressure recovery
coefficient Cp is shown as a function of diffuser geometry
(area ratio ™R and diffusexr length-to-width ratio L/Wl) for a
given aspect ratio, inlet Mach number, throat blockage, and
Reynolds number. When plotted in this form, pressure

recovery (, appears in the form of "contour hills", from which
the performance of straight wall diffusers as a function of
the geometric variables and inlet flow conditions can be most
easily grasped. The base data are presented in this form for
the three aspect ratics studied and for selected values of
inlet Mach number and throat blockage. The range of variables
on the performance maps is:

inlet Mach number Mt = 0.2, 0.4, 0.6, 0.8, 1.0
throat blockage B = 0.02, 0.04, 0.06, 0.08, 0.10, 0.12

The performance maps for aspect ratio AS
in Figures 47 through 76.

0.25 are presented

The performance maps for aspect ratio AS
in Figures 77 through 106.

1.0 are presented
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The performance maps for aspect ratic AS = 5.0 are presented
in Figures 107 through 136.

Aspect Ratio

The designer needs performance maps with a range of geome2tric
and inlet parameters permitting a rational interpolation of
diffuser performance between the available data. Values of
blockage and inlet Mach number used in the present studies are
sufficient to interpolate among these parameters. However,
diffuser data are available only for aspect ratio = 0.25, 1.0,
and 5.0 (for high inlet Mach number and blockage). Because
pressure recovery is a strong function of aspect ratio, a
greater amount of aspect ratic data would be desirable,
particularly in the selection of the geometry for peak recovery.
A significant variation in the shape and location of the
pressure recovery "hills" occurs with a change in aspect ratio
(and also with blockage and inlet Mach number). One of the
most important factors related to diffuser design is the
change in the magnitude and location of the geometry for peak
recovery that occurs with a change in aspect ratio alone
(holding blockage and Mach number fixed); i.e., a significant
shifting occurs in the shape and location of the pressure
recovery "hills". (A related factor is the change in pressure
recovery for a fixed geometry, area ratio and length-to-
width ratio constant, at a fixed Mach number and throat block-
age as only diffuser aspect ratio is altered.)

The plots presented in Figures 137 through 141 show peak
pressure recovery as a function of aspect ratio, with blockage
as a variable for constant values of inlet Mach number.

It should be noted that for the three aspect ratio geometries
studicd, the range ol geometric variables has been sufficient
to find the peak recovery geometry only for the aspect ratio =
1.0 diffusers. For the aspect ratio = 0.25 and 5.0 diffusers,
the highest L/Wl values studied probably lie close to the peak
recovery point on the performance maps. However, pressure
recovery is still increasing above the highest L/Wl values
tested. For this reason, the cross-plots showing peak recovery
may not actuallyshow the highest recovery for the aspect ratio
= 0.25 and 5.0 diffusers. In preparing these cross-plots, the
highest values of pressure recovery actually measured (and
their associated geometries in terms of L/Wl and 20) have been
used.
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20= 14° L/W= 15 AS= 0.25
Rey. No.= 589,000
@ M=l
.9
.8

0 .02 .04 .06 .08 .10 .12 .14 .16 .18

Figure 37. Pressure Recovery Versus Blockage.
Aspect Ratio = 0. 25.
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Figure 38. Pressure Recovery Versus Divergence
Angle. Aspect Ratio = 0.25.




20= 14° AS= 0.25 M= 1.0

Rey. No.= 588,000

Figure 33. Pressure Recovery Versus Length-to-Throat
Width Ratio. Aspect Ratio = 0.25.




26= 12° L/W=18.25 AS= 1

Rey. No.= 965,000
@ M=1

Figure 40. Pressure Recovery Versus Blockage.
Aspect Ratio = 1.0.
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L/M= 18.25 AS= 1.0 M= 1
Rey. No.= 965,000 .
1.
- ]
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Figure 41. Pressure Recovery Versus Divergence i
Angle. Aspect Ratio = 1.0. I
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g 26=10° L/W= 15 AS= 5

Rey. No.= 750,000
@ M=1

0 .02 .04 .06 .08 .10 .12 .14 .16 .18 .20

Figure 43. Pressure Recovery Versus Blockage. Aspect
Ratio = 5.0.
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Angle.

Aspect Ratio = 5.0.
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Figure 44. Pressure Recovery Versus Divergence




28= 10° AS= 5.0 M= 1.0

Rey. No.= 740,000
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Figure 45. Pressure Recovery Versus Length-to-
Throat Width Ratio. Aspect Ratio = 5.0.
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Figure 46. Pressure Recovery Versus Length-to-

Throat Width Ratio. Aspect Ratio = 5.0.
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Figure 138. Peak Pressure Recovery Versus Aspect
Ratio. Mach Number = 0.4.
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Table VI lists the peak pressure recovery and corresponding
geometry used in preparing these cross-plots. 1In plotting
these curves for peak recovery, it has beer assumed that

very low aspect ratio diffusers have a significantly lower
peak reccvery than has been measured for aspect ratio = 0.25.
Diffusers with aspect ratio greater than 5,0 are also assumed
to have a slightly lower value of pezk recovery*, so tnat the
peak recovery curves still fall at aspect ratios above 5.0,

Figure 142 is a plot of the cnange in pressure racovery for a
single fixed geometry and fixed inlet corditions {Mt = 1.0,

B = 0.08, L/Wl = 15, 20 = 10°) as azpect ratio is chanaed.

In both types ci plots (in the peak recov~ .y rilots ard ir
Figure 142), we see that it small aspect ratio, pressure
recovery thanges rapidly. This is because recovery must fall
rapidly as aspect ratio ~pproaclies zero., Becaise only three
points are available to define the shape of the recovery vs.
aspect ratio curves, the kest aspect ratio is not clearly de-
fined., For the curves of peak pressure recovery and for the
curve of recovery Ior the constant geometry cf Figure 142, the
optimum geometry probably occurs at a smail aspect ratio near
1.0.

Inlet Blockage

A critical aspect of diffuser behaviox (other than the

dependence on geometric parameters) is the deperdence on throat

boundary layer blockage. Ag has been shown for incompressible
diffuser operation, a useful ccrrelation parameter for inlet
flow is the throat blockage B. Figures 37, 40, and 43
illustrate how greatly the blockage influences the pressure
recovery for a given geometry., Of all the variables involved
in the diffuser design problem, this is perhaps a predominant
one in practice, since the designer can alter thrcat blockage

appreciably by diffuser design changes, The pressure recoveyry

behavior shown in Figures 37, 40, ard 4: .akes it clear that
one is designing in the dark unless the relationship between
diffuser recovery and blockage is understood,

*
See the discussion on periormance tests on aspect ratic =
8,0 diffusers.
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TABLE VI. PEAK PRESSURE RECOVERY GEOMETRY

Peak Lel;-'lgth~

Mach Prescure - Width

ﬁsp?ct Number Throat Recovery  Divergence Ratio
Ratio M Blockage Cp Angle LW
AS t B peak 29 1
0.25 0.2 .02 .70 16 11
0.25 0.2 .04 .66 14 15
Q.25 c.2 -6 . 64 14 15
0.25 0.2 .08 .62 14 15
0.25 0.2 .10 .58 12 15
0.25 0.2 .12 .56 12 15
0.25 0.4 .02 .15 15 15
0.25 0.4 .04 .72 14 15
0.25 0.4 .06 .70 15 15
0.25 0.4 .08 .67 14 15
n.25 0-4 .10 .53 14 15
0.25 G.4 2 - 60 14 15
0.25 0.6 .02 .76 14 15
0.25 0.6 .04 .73 14 i5
0.25 0.6 .06 .71 14 15
§.25 0.8 .08 .67 14 15
0.25 0.6 .10 .64 14 15
0.25 0.6 12 .6l 4 15
0.25 0.8 .02 .77 14 15
0.25 0.8 .04 .74 i4 15
0.25 0.8 .06 .71 14 14
0.25 0.8 .08 .68 14 15
0.25 0.8 .10 .65 14 15

0.258 0.8 .12 .63 4 13.5
0. 25 1.6 .C2 .78 13 13
| 0.25 1.0 .04 .74 12 15
G.25 1.C .06 .71 12 18
0.25 1.0 .08 .68 13 15
0.25% 1.0 .10 .65 12.5 15
G.25 1.0 .12 .62 12.5 15
1.0 0.2 .02 .86 12 17
1.0 0.2 .04 .79 10.5 16

1.C 0.2 .6 .75 2.5 le.5

1.0 0.2 .08 - 70 9.5 l16.5
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TABILE VI - Continued
| r
3 Peak Liggth"
g 9 Pressure .
¥ 2 Aspect Mach Throat Recovery Divergence w'ld?h
E 1 ) Numbker Ratio
i J Ratio Blockags C Angle
] e _as My B Poeak 20 L/¥,
: E
. . 1.0 0.2 .10 . 66 9 18
| 1.0 0.2 .12 .63 9 18
f P 1.0 0.4 .02 .82 10.5 17
. 1.0 0.4 .04 .78 10 17
g 1.0 0.4 .06 .74 9.5 17
4 1.0 0.4 .02 .70 8.5 18
; 1.0 0.4 .10 .66 9 18
i : 1.0 0.4 .12 .62 9 18
| 1.0 0.6 .02 .83 10.5 17
' 1.0 G. 6 .04 .78 9 16.5
y 1.0 0.6 .06 .73 9 16.5
E 1.0 0.6 .08 .70 8.5 18
; 1.0 0.6 .10 .65 8.5 18
: 1.0 0.6 .12 .63 8.5 18
‘ 1.0 0.8 .02 .82 10 17
] 1.0 0.8 .04 .78 9.5 16
' 1.0 0.8 .06 .73 8 18
; 1.0 0.8 .08 .€9 8 18
5 1.0 0.8 .10 .66 8.5 18
i 1.0 0.8 .12 .63 8 18
1.0 1.0 .02 .83 8.5 18
1.0 1.0 .04 .79 8 18
1.0 1.0 .06 .74 7 18
{ 1.0 1.0 .08 .70 7.5 18
] 1.0 1.0 .10 . 66 7.5 17.5
f 1.0 1.0 .12 .63 7 16
. 5.0 0.2 .02 .80 9 15
5.0 0.2 .04 .76 3 15
1 5.0 0.2 .06 .72 8 15
: 5.0 0.2 .08 . 68 8 15
SN 5.0 0.2 .10 . 64 8 15
5.0 0.2 L12 .59 8.5 15
5.0 0.4 .02 .82 9 15
5.0 0.4 .04 .76 9 15
5.0 0.4 .06 .71 8 15
5.0 9.4 .08 .66 a 15
5.0 0.4 .10 .62 8 15
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'i ' TABLE VI - Continued
1§ Peak Length-
. Pressure Fo—
Aspect Ma;h/ Throat Recovery  Divergence Wlth
. Numbex Ratio

Ratio M Blockage c Angle L/W

AS t B peax 20 1

5.0 0.4 .12 .58 8.5 15

5.0 0.6 .02 .825 9.5 15

5.0 0.6 .04 .76 8.5 15

| 5.0 0.6 .05 .72 8 15
5.0 0.6 .08 .67/ 8 15
5.0 0.6 .10 .62 8 15

5.0 0.6 .12 .53 8 15

5.0 0.8 .02 .82 9 15

5.0 0.8 .04 .77 8 15

; 5.0 0.8 .06 .72 7.5 15
5.0 0.8 .08 .67 7.5 15
: 5.0 0.8 .10 .62 2 15
5.0 0.8 .12 . 56 8 15
5.0 1.0 .02 .89 7 15
5.0 1.0 .04 .76 7 15

5.0 1.0 .06 .71 7 15

5.0 1.0 .08 .67 7 15

- 5.0 1.0 .10 .61 7 15
5.0 1.0 .12 .55 7 15
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The optimum geometry as well as the peak achievable recovery is
also strongly affected by blockage. Curves of peak recovery as
a function of hlockage for constant aspect ratio and Mach
number are shown in Figures 143 through 147 and Table VI.

High Mach Number Operation

Figures 148 through 159 are examples of the recross-plotting

of performance data, showing pressure recovery as a function of
inlet Mach number at constant values of inlet blockage for a
fixed geometry. ExXamples are shown for all three aspect ratios
at both a high and low value of L/W; and a high and low value
of divergence angle 28, It is obvious from the data that the
concept of a “critical” subsonic Mach number above which
diffuser pressure recovery drastically deteriorates is not
entirely true. Diffusers actually do achieve good performance

up to and beyond choke conditions at the throat.

The present studies do show, however, that at sufficiently large
divergence angles, a reduction in pressure recovery does occur
at a subsonic Mach number below choked conditions, However, if
the divergence angle is not too large, the deterioration in
performance is not appreciable. Moreover, at the lower diver-
gence angles kelow and near that for peak recovery, the diffuser
per formance holds up well until choke, and even superchoked,
operation is obtained, ‘

This finding is entirely consistent with existing knowledge of
shock wave boundary layer interaction [for example, as summarized
by Pearcey (196l1)]. The reason why many previous investigators
have been misled about the concept of a "critical" subsonic

Mach number should be understood,

In the past, the possibility of shocks near the throat corners
of the diverging passage at high subsonic Mach numbers was cited
as a reason for possible Jiffuser breakdown. Survey studies
prior tou the present investigations® revealed no shocks of any
appreciable strength at these locations despite the fact that
the diffusers had a sharp corner break in the wall at the throat.

*This result was obtained from survey studies where flow visual-
ization through a transparent sidewall in the diffuser was
possible. This work covered only relatively low diffuser
divergence angles 28. The work is described in detail in

Runstadler (1966).
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One reascn that past diffuser researchers may have erroneously
interpreted their data is that, as a diffuser approaches
choking, the setting of experimental operating points becomes
exceedingly sensitive. Operating pcints are usually
established with a downstream throttling valve controlling
back pressure. Between a centerline Mach number 0.8 and 1.0,
however, only a 3.8% increase in flow occurs (based on one-
dimensional flow arguments). In superchoked operation (a
shock standing in the diffuser), almost no increase in flow
occurs as the shock moves down the diffuser with a lowering in
back pressure.

This small change in flow under superchoked conditions means
that a throttling valve becomes extremely sensitive. 1In
addition, the valve is usually choked so that the product of
diffuser back pressure and the valve operiing rewaius
essentially constant. When the valve opening is increased 1%,
the back pressure falls 1%; this is a change sufficient to
move the shock a considerable distance in the diffuvser. This
extreme sensitivity, which in practice makes it wery difficult
to set a diffuser operating point, has probakly been one of
the principal causes of misinterpretation o actual diffuser
operating states.

Another, and perhaps equally important, cause of misinterpre-
tation is that usually a straight throat is incorporated at
the inlet of the diffuser in oxder tc put the inlet fiow into
a uniform pattern. But at high subsonic Mach numbers,
boundary layer growth in a throat as short as one hydraulic
diameter can cause substantial changes in static pressure.
Figure 160 shows the pressure variation for a straight throat
anead of a diverging channel diffuser at My = 1.0. If wall
static pressure taps are employed, a great many closely spaced
taps must be installed in order to discover the minimum
pressure in the throat. In contrast, by the use of a traverse
static pressure probe along the centerline of the difiucer,

the static pressure tap can be positioned in the diffuser with-
out changing the diffuser geometry. By this means, the
minimum pressure can be easily found. It has been possible to
obtain excellent definition of the minimum pressure in the
throat at each throat Mach number and the location of shocks
when the diffuser flow is superchoked. In the present studies,
any ambiguity and uncertainty in extrapolating readings from
fixed pressure taps in a sidewall has been eliminated.

It should be noted that in the present studies the minimum
pressure at the throat (for nonsuperchoked conditions) has
been used to evaluate diffuser pressure recovery. In most
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cases, this point of minimum pressure has not corresponded to
the axial location of the geometric diffuser throat.

Table VII shows the relationship of the minimum pressure
location to the geometric throat as a function of aspect ratio,
Mach number, and inlet block length. On the basis of the
present studies, there does not appear to be a significant
correlation with either diffuser divergence angle 26 or length-
to-width ratio L/W;. There is a continual movement of the
minimum pressure point from a point upstream of the geometric
throat at low Mach numbers (My = 0.2) to positions closer to
the throat as Mach number is raised. At all Mach numbers,

the difference between the location of minimum pressure and
that of the geometric throat is small. At choked conditions,
the minimum pressure point is essentially located &t the
diffuser geometric throat location.

The question has been raised* as to the usefulness in design
of performance maps based on the minimum pressure; it is felt
that the inlet flow configuration is an essential part of the
ovarall diffuser geometry and that the designer will need
information on pressure recovery for each combination of the
diffuser/inlet geometry.

The basic premise of the present study is that the inlet/
channel diffuser combinaticn can be treated as a series of flow
elz2ments. The performance of the inlet/diffuser combination
depends upon the flow characteristics of the inlet and diffuser
separately, but the overall , erformance of the combination can
be found by matching the characteristics of the inlet to those
of the diffuser at the diffuser throat. If this approach is
not valid, the designer will be required to test each inlet-
diffuser combination separately. A gencral understanding of
nverall diffuser optimization will be an aimost impossible
task.

For subcritical (or subchoked), the point of minimum pressure
has been used as the effective throat because it is in reality
the point where the flow diffusion begins; as such, it is an
essential part of the diffusion process. Consistent trends in
recovery performance and a reduction in scatter of data have
been possible by using only the minimum pressure rather than
the static pressure at the geometric throat.

*
See Fox (1969).
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TABLE VII. THROAT MINIMUM PRESSURE LOCATION ‘
N
v
Stagnation Inlet Standard &
Pressure Aspect Length Mach Deviatipn R .,
po Ratio I.L. Number Throat o] s
(psia) AS (in.) My Location (in.)
60 0.25 0.5 0.2 -.184 . 057
60 0.25 0.5 0.4 -.170 .050
60 0.25 0.5 0.6 -.150 . 043
60 0.25 0.5 0.8 -.104 .038
60 0.25 0.5 1.0 -.029 . 032
60 0.25 3.5 0.2 -.237 . 055 ,
60 0.25 3.5 0.4 -.206 .051. )
60 0.25 3.5 0.6 -.183 . 045 -
60 0.25 3.5 0.8 -.142 .050
60 0. 2% 3.5 1.0 -.041 .038 ,
60 0.25 6.5 0.2 -.272 .054
60 0.25 6.5 0.4 -.261 .058
60 0.25 6.5 0.6 -.216 . 042
60 0.25 6.5 0.8 -.180 .118
60 0.25 6.5 1.0 -.099 .116
20 0.25 0.5 0.2 -.214 .073
20 0.25 0.5 0.4 -.189 . 066
20 0.25 0.5 0.6 -.160 .071
20 0.25 0.5 0.8 -.123 .051 oL
20 0.25 0.5 1.0 +, 004 .027 3
20 0.25 3.5 0.2 -.251 .038 3
20 0.25 3.5 0.4 -.200 . 050 | 4
20 0.25 3.5 0.6 -.171 . 050 P
20 0.25 3.5 0.8 -.141 . 030 .
20 0.25 3.5 1.0 -.055 . 009
20 0.25 6.5 0.2 ~. 245 .043 o
20 0.25 6.5 0.4 -.226 . 042 L
20 0.25 6.5 0.€ -.180 .023 -
20 0. 25 6.5 0.8 -.127 .024 S &
20 0.25 6.5 1.0 -.069 .018 *
60 1.0 0.5 0.2 -.307 . 059
60 1.0 0.5 0.4 -.261 . 043
60 1.0 0.5 0.6 -.186 .037 X
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TABLE VII - Continued
.
S tagnation Inlet Standard
Pressure Mach ...
Aspect Length Number Deviation
P, Ratio I.L. " ™hroat o v
| _(psia) AS (in.) Tt Location (in.)
60 1.0 0.5 0.8 -.124 .024
60 1.0 0.5 1.0 +.019 .023
60 1.0 6.5 0.2 -.326 . 098
60 1.0 6.5 0.4 -.289 . 110 i
60 1.0 6.5 0.6 -.239 . 106 |
60 1.0 6.5 0.8 -.155 . 0590 i
60 1.0 6.5 1.0 -.043 .038
60 1.0 9.5 0.2 -.322 .094
60 1.0 9.5 0.4 -. 271 . 067
50 1.0 9.5 0.6 -.222 . 057
60 1.0 9.5 0.8 -. 165 . 044
60 1.0 9.5 1.0 -. 052 .031

e e o v < g
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The actual situation facing the designer is schematically
sketched in Figure 161. The curves drawn show the actual
pressure distribution through an inlet diffuser combination
and the inlet distribution that would be calculated in &
design situation. Point A is the minimum pressure point in the
actual distribution that has been used to evaluate recovery
performance. Point B is the actual geometric throat static
pressure which is higher than Point A, since A is the minimum
pressure point. Pcint C is the static pressure at the
geometric throat (end of the inlet geometry) that a designer
might estimate based on calculaticn of the flow in the inlet,
neglecting the presence of the diffuser.

Of course, the real flow situation is represented by the actual
static pressure distribution curve passing through A and B, and
the designer should develop proper flow models to represent
this inlet/diffuser flow situation. However, this probably
does not represent a reasonable task until much more detailed
information is available on the flow behavior at the throat.

Assuming that the inlet flow is calculated as if the diffuser
were not present (Point C is calculated), a greater error will
be incurred in design calculations by using the actual
geometric th-oat pressure B than by using the minimum pressure
Point A. This is because the difference between C and B is
greater than the difference between C and A.

From the present studies, however, it appears to make little
difference to the accuracy of overall pressure recovery
whether the recovery performance is tased on the pressure B or
the pressure A.

Inlet traverse tube static pressure measurements are shown in
Figures 160 and 162 through 166 for the aspect ratio = 5.0 dif-
fusers for throat Mach numbers of 0.2, 0.6, and 1.0. These fig-
ures illustrate the minimum pressure point and static pressure
distributions near the diffuser throat region. Because of the
small pressure gradients at low Mach number, the minimum
pressure point value of static pressure does not make an
appreciable difference in the calculation of pressure recovery
compared with that calculated using the static pressure zt the
geometric throat. Orn the other hand, the relatively large
pressure gradients that occur at high Mach numbers do not
affect the calculated difference in recovery, because the steep
gradients are offset by the nearness of the minimum pressure
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point to the geometric throat. Thus, there is very little

difference in the value of Cp calculated at the geometric

throat and at the minimum pressure point over the entire Mach
number range.

Another cause for confusion in the diffuser literature is the
occasional location of taps on curved sidewalls or on the

walls of axisymmetric diffusers. The two-dimensional nature of
a flow in the vicinity of a curved wall makes the use of such
tap indication most difficult when attempting to determine the
average throat conditions. Streamline curvature effects around
curved walls can lead to an erroneous, high indication of the
true core flow throat Mach number at high subsonic conditions.

A final possible source of misinterpretation is that when the
diffuser goes into superchoked operation, the distribution of
pressures in the throat does not change. We suspect that many
investigators have only observed throat and exit static pressure
taps and therefore were unaware of the fact that their

diffusers were operating in the superchoked region with a shock
standing in the diverging channel. A lack of numerous taps

near the throat can lead one to igno.e the presence of the
superchoked flow regime near choked conditions.

Mach number is thus not a very powerful variable until the
Mach number ahead of the shock in the diverging portion of the
diffuser under superchoked flow exceeds about 1.15. At this
point, performance degenerates rapidly because increases in
the shock strength are sufficient to separate the diffuser
boundary layer.

Despite the fact that Mach numbers in the subsonic range do not
have an overwhelming influence on diffuser performance, the
variation with Mach number is important to the achievement of
the very highest performance. 1In many turbomachine applica-
tions, such small gains are important to the owverall
performance of the fluid machines or devices, and the behavior
of diffuser recovery with inlet throat Mach number cannot be
ignored.

Diffuser Effectiveness

A measure of the insufficient and inefficient diffusion in
the diffuser channel is provided by comparing the actual
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measured pressure recovery coefficient C_ with the ideal

pressure recovery coefficient CP' and is the effectiveness
[5%] 1l

€ = C /C
P Pi

Figures 167 through 178 give representative plots of the
effectiveness of fixed geometry diffusers as a function of
inlet Mach number with inlet blockage as a variable. Samples
are shown from each aspect ratio for fixed L/W with increasing
divergence angle 286.

A comparison of the effectiveness plots with the diffuser
performance maps shows a direct correlation between the trends
in effectiveness and the configuration and location of the
pressure recovery "contour" hills. ‘

For fixed length-to-width ratio L/Wl when the divergence angle

26 is small, the geometry lies on the unstalled and gentle

sloping side of the pressure recovery "hill". As divergence
angle is increased, the geometry approaches the optimum ridge
on which lie the lines Cp* and Cp*ﬂ after which the pressure

recovery falls very rapidly on the steep slope of the pressure
recovery "hill" as divergence angle is further increased.

For the 0.25 aspect ralio geometries, the optimum lines Cp* and
Cp** are at large divergence angles (approximately 12° and

above). Most of the geometries studied thus lie on the gently
sloping side of the pressure recovery "hill" where recovery is
increasing with divergence angle. On the basis of low Mach
number visualization studies, the low angles on this side of
the "hill" correspondto unstalled diffuser flow. As the
divergence angle is increased at constant length-to-throat
width ratio, the diffuser enters into a transitory stall regime,
and the ridge of optimum recovery (Cp* or Cp**) occurs at

slightly higher divergence angles. At yet still higher
divergence angles, the diffuser enters fully stalled separating
conditions in which the recovery rapidly declines.

Fox (1969) has descrived a similar behavior for conical
diffusers at high inlet Mach numbers and low inlet blockage.
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Figure 168. Effectiveness Versus Mach Number.
Aspect Ratio = 0.25.
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Figure 169. Effectiveness Versus Mach Number,

Aspect Ratio = 0.25.
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Figure 171. Effectiveness Versus Mach Number,
Aspect Ratio = 0.25.
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Aspect Ratio = 1.0.
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In Fox's study, the diffuser performance would be classified
into three categories which could be broadly correlated with
the location of the diffuser geometry relative to the line of
first appreciable stall found for incompressible flow in
conical diffusers.

1) For diffusers below the line of first appreciable
stall, there is a moderate increase in Cp with
increasing Mt'

2) For geometries in the neighborhood of the line, C
remains constant with increasing Mt‘ P

3) Above the line of first appreciable stall, there is a
moderate decrease in Cp with increasing Mt.

Since ideal pressure recovery increases with increasing inlet
Mach number, as can be seen from Figure 4, the effectiveness
based upon the above three categories will show the following
characteristics. For diffuser geometries at area ratios kelow
the line of the first appreciable stall (corresponding to low
diffuser angles for the aspect ratio 0.25 data), the moderate
increase in C_ approximately corresponds with the moderate

increase in Cp, producing constant values of effectiveness e.
i

When the diffuser begins to stall at higher divergence angles,

the near-constant pressure recovery when nondimensionalized

with Cp' will produce a falling effectiveness ¢ with increasing
i

Mach number. At still higher divergence angles and area ratios,
the moderate decrease in Cp will produce a still more rapidly

falling variation of effectiveness with inlet Mach number.

For the aspect ratio 0.25 data, these characteristics are
observed to be relative to the lccation of the optimum ridge
defining the lines Cp* and Cp** in the region of diffuser

divergence angle 26 = 12° to 14°.

As aspect ratio increases, the pressure recovery "hill" shifts
to produce Cp* and Cp** optimum lines at lower divergerce

angles. In terms of the effectiveness plots presented, the
low divergence angles shown are now closer to the optimum
lines; the effectiveness plots show a decreasing effectiveness
at lower divergence angles as a consequence. This is true for
both the aspect ratio 1.0 and 5.0 geometries.
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The increase in effectiveness indicated for the 6° and 8°
diffusers at 0.25 aspect ratio is not as easily understood.
It is suspected that if performance w:re measured at lower
divergence angles for the 1.0 and 5.0 aspect ratio diffusers,
similar effectiveness versus Mach number .,lots would be
obtained (the diffuser geometries now lying lower upon the
pressure recovery "hill").

Diffuser Static Pressure Distribution

For most of the base data, static piessure distributions
through the diffuser were mezsured using wall pressure taps
located in the bottom plate of the diffuser test section.
Comparative measurements between wall tap static pressure
readings and static pressure readings measured by the traverse
pressure tube are piesented in Figures 179 and 180 for throat
Mach number M; = 1.C, 26 = 8°, and aspect ratiosAS = 0.25 and

1.0 respectively. The measurements agree well.
Static pressure distributions have not been plotted for the

complete range of base data. This information is available
on the original data record sheets for each test.

Correlation of Data

It has been suggested* that the performance data may correlate
better if other parameters are used to define the diffuser
geometry and inlet conditions.

Instead of using the present performance maps, whose
coordinates are "length-to-initial-width ratio L/Wl" and "area

ratio AR", the performance map coordinates should be
"stretched" to reflect the change in aspect ratio AS and throat
Mach number.

It has been suggested that the diffuser length should be non-
dimensionalized on the inlet hydraulic radius D/2 rather than
the width W, of the flow passage at the inlet. For large

aspect ratios, the equivaleat hydraulic diameter is approximately
equal to twice the throat width. For other diffuser geometries,

*See Sapiro (1968), (1969).
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Figqure 179. Diffuser Static Presgsure Distribution.
Aspect Ratio = 0.25. Mach Number = 1.0.
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e.q., conical diffusers and annular diffusers, the correlation
length parameters that have been found useful to correlate data
are L/R (the length-to-initial radius ratic) and L/AR (the
length-to-initial height ratio) respectively. It has been
pointed out that the different definitions of rondimensional
length that have been applied to straight wall diffusers in the
literature correspond uniquely to “twice the length-to-

initial hydraulic diameter ratic". For the single plane,
symmetric divergence diffuser, this ratio is

N

L L 1
£ = -
D Wl S AS) (36)

For low Mach number flow where the inlet conditions are
described completely by the inlet blockage B and the Reynolds
number RD' the pressure recovery coefficient is a function of

the geometric and inlet variables

¢c =C (B, R, L, W

p p D 1’ 20, b) (37)

Fror dimensional analysis arguments, it is possible to define
the pressure recovery by a set of five nondimensional pi's;
e.g.,

Cp = Cp (B, RD, AS, L/Wl, 20)

The above arguments have suggested that the pressure recovery
performance can perhaps be reduced to four nondimensional
pi's by appropriately combining the two geometric parameters
L/Wl and AS = b/wlz

1
Cp = Cp (B, RD, 20, L/Wl (1 + AS)] (38)
A comparison of the present data at low Mach numbers with that
of Reneau for incompressible flow is presented in Table VIII.
Comparison values of pressure recovery for aspect ratios0.25,
1.0, and 5.0 are presented using the "stretched" coordinate
L/D for both the present data and that of Reneau. Sample
values of L/D for a range of divergence angle 28 are shown.
Examination of the table indicates that the difference in
pressure recovery AC (=C -C ) varies widely
ppresent data Preneau
over the performance map and varies with aspect ratio.
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. Table IX presents the peak pressure recovery data (at the

peak pressure recovery geometry) for aspect ratio 1.9 and M, =
1.0 compared with the Reneau data. The data are compared for

blockage values of .02, .03, and .05 corresponding to the
performance maps presented by Reneau.

These data incorporate, in addition to the "stretched" non-
dimensional length coordinate, an equivalent or "stretched"
area ratio. This area ratio is based upon the assumption that
the incompressible flow relation between area ratio and ideal
pressure recovery

1/2

AR = [1/(1—c10 )] (39)

i, .
incompressible

holds throughout the entire subsonic Mach number range. The
expression for equivalent area ratin is thus
1/2
AR = [l/(1-C_ )] (40)
Pj

This equivalent area ratio, in effect, takes into account the
increase in ideal pressure recovery which occurs as a function
of Mach number at constant area ratio (presented in Figure 4).

Again the difference in recovery ACp varies greatly. Only the

aspect ratio 1.0 dataare compared,because only these data have
geometries that include or are very close to the geometry for
peak recovery. :

Table X is a comparison of some independent data by Johnston
and Powars (1967) at low aspect ratio. Again the data are
compared on the basis of an "equivalent length" and the true
geometric area ratio since their data are for incompressible
flow. The Johnston and Powars data have been compared for
aspect ratio 1.0 and 4 where their measured blockage is close
to that of the performance maps provided by Reneau, et al.
Here agair the difference in pressure recovery Acp varies

appreciably over the range of parameters studied.

it Jces not appear that for either incompressible or
ccmpressible flow conditions that a simple stretching of
coordinates, using the hydraulic diameter and inlet Mach number,

-
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is sufficient to provide much improved correlation of the

data. This is iandeed unfortunate, since such a coTrelation
would be extremely valuable in interpolating and/or extrapolat-
ing the existing data zo cover other geometries and flow
conditions. Because of the complex nature of the fluid
dynamics, if such a correlation exists, it will probably be
difficult to find and will depend upon an improved knowledge

of the fluid dynamics of the separation phenomena within the
diffuser.

Comparison With Other Channel Diffuser Data

There are little data available that can be used for a direct
comparison of the pressure recovery performance of the
symmetric, single plane divergence channel diffusers studied
under the present program. The only data for whicl blockage
information is availableare that contained in the performance
maps of Reneau, et al (1964), and the low aspect ratio data of
Johnston and Powars (1967). Johnston and Powars obtained
pressure recovery as a function of aspect ratio for a
selected set of diffuser geometries.

High Aspect Ratio Data

Reneau, et al (1964; have a complete set of performance maps
for incompressible flow as a function of throat blockage B.
The dataare all for high aspect ratio diffusers. On the basis
of the information they had available, they suggest that the
performance maps they present should be valid for aspect ratio
diffusers of 8 and greater.

The Reneau dataare for cons:zant values of 2§ .*/W_ = 0.007,
0.015, 0.03, and 0.05. Assuming that the blockage is cdue to
boundary layer flow uniformly distributed around the throat
periphery, we find that the throat blockage is related to 261*/
Wl by
25 * .
1 1
=== (1 + 25) (41)
1
Figures 181, 182, and 183 give a comparison of the
recovery data taken for aspect ratio 5 (which should closely
agree with the Reneau data) and the performance data for the
same geometries taken from the performance maps of Reneau.
The data are compared on the hasis of equivalent throat
blockage, geometry, and inlet conditions.

B =
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L/W= 7 M= 0.2
Present Data AS =5
----- Reneau, et al Data AS > 8
Q
B=
i .7
|
0.
| 5
.4
| | | 1 1
| 6 8 10 12 14 16
26 (Dpegrees)
’[ Figure 18l1. Pressure Recovery Versus Divergence
| Angle. Comparison of Base Data and
; Data of Reneau, et al (1967).
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L/M= 10 M= 0.2
Present Data AS =5
L dezzm Reneau, et al Data AS > 8
Q‘l - /
0015 [
—0.030 F~_zZ=-F~-<_
0.050 N
.4
Sl 1 1 1 | ]
a 3 B 10 12 14 Te

28 (Degrees)

Figure 182. Pressure Recovery Versus Divergence
Angle. Comparison of Base Data and
Data of Reneau, et al (1967).
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Figure 183.

SREL

Present Data AS =5
----- Reneau, et al Data AS 2 8
1
AS=8 B=
O o0.015
A 0.030 —
O o.o0
- B 50
Ag——""‘0°015
///”’» l————40.030
4" 0.015
:;;ﬁ:j:* —Q 0.050
Z- T=~00.030
R N 0.050
] | 1 | 1 ]
3 8 10 12 14 16
20 (Degrees)

Pressure Recovery Versus Divergence
Comparison of Base Data and
Data of Reneau, et al (1967).

Angle.
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At L/W1 = 7, differences do exist ketween the two sets of data.

However, the agreement is within the uncertainty reported in
the data of Reneau and the uncertainty for the present data.

For the L/Wl = 10 and 15 data, however, a rather large and

significant difference appears between the two sets of data
(26 = 8° and 10° for L/W1 = 10 at the larger values of blockage

and 20 = 6°, 8°, and 10° for L/Wl = 15). 1In fact,at the
highest blockage considered (B = .0506 for the L/W1 = 15 data),
there is a difference of 15.5 points in C_ at 26 = 10° and
whereas the Reneau data indicate an optimum in Cp at 26 = 5°,

the present data indicate a cons .erably higher optimum recov-
ery at 286 = 9° at L/Wl = 15,

Because of this large difference in recovery behavior between
aspect ratio 5 and 8, a small number of geometries were tested
under the present program &t aspect ratio 8 to see if

a large fall in recovery occurred between aspect ratio 5 and 8
as indicated.

The geometries tested were 26 = 4° and 10° at L/W1 = 15 over

the range of inlet blockages provided by the set of three
inlet blocks used on the base data studies.

The results are indicated in Figure 183 by symbols. While
there is a decrease in recovery between the aspect ratio 5 and
8 data, the decrease is small compared to the difference
between the present data and the data given by Reneau. At 26
= 10°, which still appears to be near the optimum recovery at
constant L/Wl, the difference between the aspect ratio 8 data

and that of Reneau is still 11.5 points in recovery.

The uncertainty in the aspect ratio 8 data is approximately
that for the aspect ratio 5. While Mach number 0.2 data do
have a larger uncertainty than that at other Mach numbers, the
uncertainty is far less than the difference that exists between
the aspect ratio 8 data and that of Reneau.

The disagreement with the data of Reneau is disconcerting. We

feel that the aspect ratio 8 data reported are good, and we have nu

reason to suspect any gross inaccuracy that can account for
the discrepancy shown in Figure 183.

299




e ——— A S A ———— -

The data reporied by Reneau are a compilation of pressure
recovery performance taken on diffusers of various aspe:t
ratios. The smallest aspect ratio reported is 8. An inter-
comparison of the data by Reneau lead to the belief that
performance maps presented in their data were valid,at least
for diffuser aspect ratios of 8 and above. If the present
data taken at aspect ratio 8 are correct, and we believe it is,
then it is probable that there will continue to be a
significant difference ir pressure recovery as aspect ratio
is varied above aspect ratio = 8.

The only other explanation that may account for the discrepancy
between the two sets of data is that the present data was taken
under test conditions known to have rather large static
pressure oscillations at the throat cf the diffuser. While
experiments were performed to examine the effect of a

reduction in the level of static pressure fluctuations, the
minimum level of pressure fluctuations attained may still

have been sig